University of South Florida

Scholar Commons
Graduate Theses and Dissertations

Graduate School

2011

Palaeoclimatic Significance of Perennial Ice Accumulations in
Caves: an Example from Scarisoara Ice Cave, Romania
Aurel Persoiu Tiritu
University of South Florida, apersoiu@mail.usf.edu

Follow this and additional works at: https://scholarcommons.usf.edu/etd
Part of the American Studies Commons, Climate Commons, Geography Commons, and the Geology
Commons

Scholar Commons Citation
Persoiu Tiritu, Aurel, "Palaeoclimatic Significance of Perennial Ice Accumulations in Caves: an Example
from Scarisoara Ice Cave, Romania" (2011). Graduate Theses and Dissertations.
https://scholarcommons.usf.edu/etd/3291

This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has
been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Scholar
Commons. For more information, please contact scholarcommons@usf.edu.

Palaeoclimatic Significance of Perennial Ice Accumulations in Caves:
an Example from Scrioara Ice Cave, România

by

Aurel Peroiu Tîrîtu

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Geology
College of Arts and Sciences
University of South Florida

Major Professor: Bogdan P. Onac, Ph.D.
Edward J. Brook, Ph.D.
Lonnie G. Thompson, Ph.D.
Leonard H. Vacher, Ph.D.
Jonathan G. Wynn, Ph.D.

Date of Approval:
February 25, 2011

Keywords: ice caves, stable isotopes, palaeoclimate, Holocene, Europe
Copyright © 2011 Aurel Peroiu Tîrîtu

Acknowledgments

This thesis, and the research behind it, would have not been possible without the
help of certain individuals and institutions.
I thank my supervisor, Bogdan P. Onac for the support over the past years, the
members of my committee – Edward Brook, Lonnie Thompson, Leonard Vacher and
Jonathan Wynn and the co-authors of my papers, who gave useful guidance and advices
that helped me shape this study.
Two former professors have had a strong imprint on my early career: Ioan Frca
(Faculty of Geography, “Babe-Bolyai” University), who directed me through my first
research steps, and Iosif Viehmann (“Emil Racovi” Institute of Speleology), who
introduced me to the field of ice caves research.
Karin Holmgren, Albert Reif and Evelyn Rudea supported me when I most
needed. Jonathan Wynn introduced me to the field of stable isotope geochemistry and
made it sure I’ll stay there. My former colleagues at the “Emil Racovi” Institute of
Speleology helped during many years of fieldwork. Philip Reeder at the University of
South Florida introduced me to the basics of the scientific method. I thank them all.
The Romanian University Research Council, Sigma XI, Geological Society of
America, National Speleological Society, Cave Conservancy Foundation, European
Science Foundation, EU Commission, IGBP – PAGES and National Science Foundation
financially supported different parts of the study.

Table of contents

List of tables

ii

List of figures

iii

Abstract

vii

Thesis outline

1

Chapter 1: The interplay between air temperature and ice dynamics in
Scrioara Ice Cave, Romania

7

Chapter 2: Stable isotope behavior during cave ice formation by water
freezing in Scrioara Ice Cave, Romania

28

Chapter 3: Ice genesis and its long-term mass balance and dynamics in
Scrioara Ice Cave, Romania

44

Chapter 4: Evaluating the palaeoecological potential of pollen recovered
from ice in caves: a case study from Scrioara Ice Cave, Romania

64

Chapter 5: A 9750 year record of summer temperatures in Central Europe
from cave glaciers

89

List of references

101

i

List of tables

Table 1.1. Strength of the 24h periodic signal inside and outside Scrioara Ice
Cave

15

Table 2.1. Stable isotope data for 2008 precipitation, drip water and lake ice

35

Table 2.2. Measured and reconstructed 18O and 2H in cave ice., and slopes of
the 2H-18O relationship

42

Table 3.1. Results of the radiocarbon analysis of samples collected from
Scrioara Ice Cave

52

Table 4.1. Results of the radiocarbon analysis from Scrioara Ice Cave

71

Table 5.1. Results of the radiocarbon analysis of samples collected from the
Scrioara Ice Core

99

ii

List of figures

Figure 1. General organization of the study. For details see the main text

3

Figure 1.1. Location map (the position of the cave is shown by the yellow star),
plan view, and cross-section of Scrioara Ice Cave, Romania (modified
from Rusu et al. 1970)

8

Figure 1.2. Time series of daily air temperature in Scrioara Ice Cave (C –
cooling phase, W – winter phase, S – summer phase)

11

Figure 1.3. Monthly values of external air temperature and precipitation, air
temperature, and ice level variations in the GH, Scrioara Ice Cave

12

Figure 1.4. Cross-correlations of air temperature values (hourly values) between
exterior and Scrioara Ice Cave during (a) summer phase and (b) winter
phase; and between different parts of Scrioara Ice Cave during the
summer (c) and winter (d) phases

15

Figure 1.5. Cooling phase in Scrioara Ice Cave: time series of daily air
temperature (a), cross-correlation of hourly air temperatures between
exterior and the cave (b); ice-crystals formed on top of the lake in the early
stage of freezing (c); frozen waves formed during the freezing of lake
water (d). The length of the scale bar in (c) and (d) is 8 cm

17

Figure 1.6. Conceptual model of the heat and matter fluxes between the different
parts of Scrioara Ice Cave in the summer state (full arrows – heat fluxes,
dashed arrow – matter flux, SH – sensible heat, LH – latent heat)

21

Figure 1.7. Conceptual model of the heat and matter fluxes between the different
parts of Scrioara Ice Cave in the cooling state (legend similar to Fig.
1.6)

22

Figure 1.8. Conceptual model of the heat and matter fluxes between the different
parts of Scrioara Ice Cave in the winter state (legend similar to Fig. 1.6)

23

Figure 1.9. Conceptual model of the heat and matter fluxes between the different
parts of Scrioara Ice Cave at the end of winter state (legend similar to
Fig. 1.6)

24
iii

Figure 1.10. Summary of air temperature variations in Scrioara Ice Cave. The
black ellipse shows the air temperature range when most of the ice forms
(including the cooling period, but not limited to it)

25

Figure 2.1. Location of the study area and cross-section of Scrioara Ice Cave.
The position of water and ice sampling points in the cave are indicated by
red dots

30

Figure 2.2. Stable isotope data for waters at Scrioara Ice Cave. a) 2004-2006
precipitation (blue dots), 2008 precipitation (orange squares), drip water
(green circles) and ice (red stars). b) Same as in a, but with data for the
late summer-early autumn precipitation values only. The upper equation
(blue) is the LMWL, and the lower one (red) the freezing slope for all ice
samples (see text for details). c) 2H – d-excess relationship (green stars –
core A, red squares – core B, blue dots – core D, Eq – equilibrium, K –
kinetic, see text for details)

36

Figure 2.3. Ice cores stratigraphy and stable isotope data (white – water samples,
dark blue – lake ice samples, light blue – floor ice samples, grey – 2007
lake ice)

39

Figure 3.1. Location map, plan view (A) and cross section (B) of Scrioara Ice
Cave (modified from Rusu et al. 1970). The red points mark: A – position
of the cores drilled in 2005 and 2009, B – position of SCL1, SCL2 and
SCL 3 samples for radiocarbon dating, C – position of SCL4, SCL5,
SCL6, SCL7 and SCL 8 samples for radiocarbon dating. The red star
marks the position of the collapse passage that was linking Scrioara Ice
Cave and Pojarul Poliei Cave (see main text for details)

45

Figure 3.2. Short-term ice level fluctuations in Scrioara Ice Cave (1947-2010,
modified from Racovi, 1994b) against the air temperature and
precipitation amount recorded at Bioara Meteorological Station (19612003)

51

Figure 3.3. The exposed wall of the ice block as seen from the Little Reservation,
with the position of radiocarbon ages shown

53

Figure 3.4. Depth-age model of the exposed ice wall in Little Reservation,
Scrioara Cave

54

Figure 3.5. 18O (blue line and left axis) and 2H (red line and right axis) profiles
in ice cores (A drilled in 2009, B drilled in 2005, C is ice from the LIA
and D is ice from the MWP) drilled on top of the ice block in Scrioara
Ice Cave

55

iv

Figure 3.6. A conceptual model of the genesis and long-term volume fluctuations
of the ice block in Scrioara Ice Cave (see main text for details). Arrows
indicate the direction of cold air inflow

58

Figure 4.1. Map showing the location of the Apuseni Mountains (a), cross section
of the Scrioara Ice Cave (b. modified from Rusu et al., 1970), photo of
ice layers from the exposed ice wall in the Little Reservation (c, d, e). The
red dot indicates the position of the pollen profile whereas the numbers in
red represent the position and number of the samples used for the
radiocarbon dating

68

Figure 4.2. Simplified stratigraphic description and the age-depth model of the
western side of the ice wall in the Little Reservation, Scrioara Ice Cave.
Calibrated radiocarbon dates (black squares and error bars) and suggested
age-depth (grey diamonds and curve). Interrupted line shows the ages
obtained by extrapolation

72

Figure 4.3. Combined pollen percentages diagram of all tree, shrubs, herbaceous
plants, and ferns (curves) with macrofossil remains (bars) express as total
number for 700 ml sample. For macro-charcoal and wood remains, a semiquantitative scale is used. White pollen curves represent 10x exaggeration

75

Figure 4.4. Selected non-arboreal pollen types, Soridaceae fungi (proxy for
human impact), micro-charcoal percentages and macro-charcoal
abundance (proxy for fire) and pollen richness (proxy for diversity) from
Scrioara Ice Cave (A); and comparison with Clineasa surface pollen
record (B, Feurdean et al. 2009) and the historical periods. The grey shade
highlights the period when their frequencies are at lowest, which is
temporary coincident to a cool and wet period (Little Ice Age). Mean
summer temperature anomalies (°C against the 1961-1990 mean) inferred
from tree rings in Eastern Carpathians is also indicated (Popa & Kern
2009)

77

Figure 4.5. Number of terrestrial pollen and spore taxa identified at Scrioara Ice
Cave, and comparison with pollen records from the surface (Feurdean et
al. 2009) (A); and the proportion of zoophilous (grey bars) versus
anemophilous (black bars) pollen type from Scrioara Ice Cave (B)

79

Figure 5.1. Location map (the position of the cave is shown by the yellow star),
plan view, and cross-section of Scrioara Ice Cave, Romania (modified
from Rusu et al. 1970). The red dot shows the position of the drilling site

90

Figure 5.2. Depth-age model for the Scrioara Ice Core. The two outliers at
1061 and 2126 cm below surface were not included in the calculations

93

v

Figure 5.3. SIC 18O record (lowest chart), compared with Northern Hemisphere
paleoclimatic series. a) NGRIP 18O record (Vinther et al. 2006;
Rasmussen et al. 2006); b) GISP2 sodium (Na+; parts per billion, ppb) ion
proxy for the Icelandic Low (Mayewski et al. 1997); c) GISP2 potassium
(K+; ppb) ion proxy for the Siberian High (Mayewski et al. 1997); d)
North Atlantic SST, core LO09 (Berner et al. 2008); 3) Western
Mediterranean SST (Cacho et al. 2001); f) North Atlantic SST, core MD
99-2275 (Sicre et al. 2009); g) hematite stained grains (% HSG), core
MC52-V29191 (Bond et al. 2001); h) residual 14C (Reimer et al. 2001); i)
September insolation at 50°N

94

Figure 5.4. The timing of Holocene rapid cooling events (RCE) from the
Scrioara Ice Core. The blue bars indicate the timing of “Bond” events,
based on the Bond et al. (2001) records. The red line is a 20 years moving
average

96

vi

Abstract

Stable isotopes in ice cores drilled in the polar and high-mountain region have
been used intensively to reconstruct past climatic changes and atmospheric dynamics.
However, no similar studies have been conducted on perennial ice accumulations in
caves due to a limited understanding of the links between the external and cave
environments, and the way in which the climatic signal can be recorded by the cave ice.
In this thesis, we successfully designed and build a research methodology for the
reconstruction of past climatic changes based on perennial ice accumulation in caves,
using as example the Scrioara Ice Cave, Romania. The ice block in this cave preserves
a large variety of candidate proxies for both past climate and environmental changes, the
most significant ones being the stable isotopic composition of the ice (a proxy for air
temperature) and pollen remains. The ice block has formed by the successive
accumulation of layers formed by the freezing of water accumulated from late summer
through mid-autumn precipitation. An original method has been developed for the
reconstruction of the stable isotopic composition of water before freezing, and further, of
the late summer air temperature. Pollen in the ice has been found to reflect changes in
surface vegetation at both local and regional scale.
A 22 m long ice core has been extracted from the ice block, and stable isotope
analyses were performed at high resolution on its entire length. Twenty-sex radiocarbon
ages have been used to derive a precise depth-age model for this core. The stable isotope

vii

data covers almost the entire Holocene, between 0.09 and 9.75 ka BP. The first order
fluctuation broadly follows the orbitally induced Northern Hemisphere September
insolation, with a minimum in the early Holocene, a slow climb towards a maximum at
~5.0 ka, followed by a very slow cooling towards the present, accentuated after ~0.5 ka.
Superimposed on the long-term variations a series of rapid cooling events (RCE) are
recorde, the most notable ones being at 9.5 ka, 8.2 ka, 7.9 ka, 6 ka, 4.2 ka, 3.2 ka and 0.9
ka. The timing of these RCEs agrees remarkably well with the Holocene rapid climatic
changes and the ice rafted debris (IRD) events in the North Atlantic (NA). Our data
suggests that the general trends of temperature changes in mainland Europe during the
Holocene were governed by changes in solar output. RCEs were synchronous with NA
IRD events, the NA climatic signal originating from sea surface temperature changes and
being amplified by atmospheric dynamics.
The stable isotope data spanning the past 2000 years clearly shows four climatic
events over this interval, attributed to the Roman Warm period (RWP), the Dark Ages
Cold Period (DACP), Medieval Warm Period (MWP) and the Little Ice Age (LIA). Our
data suggests that air temperature was highly variable during the LIA and more stable
during the warm MWP and RWP.
As ice caves were described in many parts of the world otherwise poorly
represented in ice-based paleoclimatology, the results of this study could open a new
direction in paleoclimatic research, so that an array of significant paleoclimate data can
be developed based on their study.

viii

Thesis outline

1. Introduction
In light of observations of climate changes over the past decades, understanding
the climate of the past millennia becomes ever more vital, as the change we witness can
be placed in a longer-term context, helping us decipher both natural and anthropogenic
forcing on the climate system.
Ice cores are one of the most reliable sources of paleoclimatic information, as they
can provide an accurate view of past air temperature and precipitation rates in addition to
atmospheric composition and circulation patterns. The very first deep ice core was taken
at Camp Century (Greenland) in 1966 (Dansgaard 2005). Since that time the number of
deep ice cores has increased exponentially, currently more than 100 ice cores being
studied worldwide (Walker 2005), from both polar regions (EPICA Community
Members 2004; NGRIP Members 2004), as well as from high altitude mountains
(Thompson et al. 1979, 2002; Schotterer et al. 1997; Yao et al. 1997; Rosman et al.
2000; Preunkert et al. 2000). Similarly, over the past decade, a series of studies have also
targeted ice caves as sources of paleoclimatic information (Citterio et al. 2004; Fórizs et
al. 2004; Kern et al. 2004; Holmlund et al. 2005; Luetscher 2005; Luetscher et al. 2007;
Claussen et al. 2007). Although promising, these studies were hampered by the lack of
understanding of the complex systematics of ice genesis, mass balance fluctuations and
age (e.g., Luetscher et al. 2007), as well as the way in which the climatic signal is being
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transferred from the exterior to the ice (e.g., Peroiu et al. 2007). However, existing data
have suggested that, if scrupulously studied, perennial ice accumulation in caves could
deliver a wealth of information regarding past climatic and environmental changes.
Maybe the most important step in this endeavor was to recognize the individuality and
peculiarity of cave ice and to develop a research design that accommodates techniques
and methods specific for both glaciology (i.e., ice core science) and speleology.

2. Aim of the thesis
The aim of this thesis is to asses the palaeoclimatic significance of perennial ice
accumulations in caves by using the example of Sc rioara Ice Cave (Romania), and to
develop a research methodology applicable to other ice caves as well in order to obtain
valuable data regarding past climatic and environmental changes.
Sc rioara Ice Cave is located in Central Europe, where climatic influences from
the North Atlantic, Siberia, and Mediterranean region are present. This unique
combination of influences makes the site extremely sensitive to minor changes in the
climatic system, both past and present, thus making it an ideal study-site for
paleoclimatic research. Moreover, it is world's best studied ice caves, with a research
history spanning more than a century and published in over 100 scientific papers thus far
(Racovi

1927; erban et al.1948; Viehmann 1960; Racovi

1994a, 1994b; Racovi

&

Onac 2000; Onac 2001). The thesis comprises an introduction and five chapters, every
chapter being a stand-alone paper, published (or subject to future publishing) in scientific
journals. Figure 1 depicts the general organization of the study (and of the thesis), with
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the main areas of investigation and the relationship between them, leading to the final
goal – paleoclimatic reconstruction.

Figure 1. General organization of the study. For details see the main text.

3. Major findings and conclusions
In chapter 1 we examine the short-term relations established between external
and cave air temperature in Scrioara Ice Cave (Romania) and the role they play upon
ice genesis and mass balance changes. The main periods of ice formation are in late
autumn, when cold air avalanches lead to the freezing of water pooling on top of the ice
block and in winter through spring, when inflowing water freezes on top of the
previously formed ice. From mid-autumn until late spring, a strong coupling exists
between surface and cave air temperature changes, with cold spells instantaneously
transmitted inside the cave (less than 1h), whilst the heat released by freezing water
delays the long-term cooling by ca. 2 months. Warming of the cave air occurs in midspring, mostly as a consequence of heat delivered to the cave atmosphere by melting
snow and enhanced precipitation. In summer, conductive transfer through the air column
in the entrance shaft and the rock walls, and through dripping water are the main sources
of heat for the cave. Latent heat consumed in thawing of ice in the rock walls pores,
3

sensible heat transferred to the warming ice and rock, and latent heat uptake by melting
ice, are the main heat sinks that maintain the air temperature at 0°C. The last process is
responsible for the preservation of the ice block, as its large surface (>3000 m2) absorbs
considerable amounts of heat and limits melting to a few cm/year on a vertical scale,
melting that is overcompensated by the winter accumulation.
In chapter 2 we have analyzed the behavior of the stable isotopes in cave ice from
Scrioara Ice Cave and developed a site-specific model of stable isotope behavior during
cave ice formation that may be applied more generally to cave ice formed under similar
conditions. We have found that the isotopic composition of water before freezing reflects
that of precipitation from the accumulation period (late summer through mid-autumn),
which in turn is strongly correlated with the external mean annual air temperature.
Samples of ice display a trend of heavy isotope depletion with depth, and align on a
straight line with a slope lower than 8 in a 18O-2H plot, characteristic for ice formed by
the freezing of a stagnant pool of water. In the initial stages of the freezing process
kinetic conditions occur, with isotopic equilibrium being reached later in the process.
Jouzel and Souchez (1982) and Souchez and Jouzel (1984) have shown that the initial
isotopic composition of water lies at the intersection of the LMWL and the freezing
slope, if freezing proceeds under equilibrium conditions. In order to be able to apply this
method to cave ice, we have developed a technique to remove samples formed under
kinetic conditions. Lack of an inverse correlation between 2H and deuterium excess
indicated samples formed under kinetic conditions and they were excluded from the
determination of the freezing slope. Next, the determined freezing slope was intersected
with the LMWL and the isotopic composition of the initial water was reconstructed.
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Applying this method, we have found a perfect correlation between the a priori measured
isotopic composition of water and the calculated one, thus opening the way for
palaeoclimatic reconstructions using the stable isotope composition of cave ice as proxy
for air temperature.
In chapter 3 we present a model of ice genesis and dynamics, based on stable
isotopes, ice level monitoring and radiocarbon dating of organic matter found in the ice.
The ice block was formed by the successive growth of ice layers, the relatively stable
accumulation rate over the past millennium being a consequence of the complex interplay
between ice gain and loss, with periods of low (high) accumulation being compensated
by periods of similarly low (high) ablation. Melting at the base and sides of the ice block
led to lateral flow of the ice and subsequent thinning of the layers in the middle part of it,
so that the ice at the base of the block in its middle part could be much older than on its
side, reaching back in time towards the mid to early Holocene.
In chapter 4 we present the results from pollen, micro- and macro-charcoal, and
plant macrofossil investigation of a vertical ice exposure in the Little Reservation from
Scrioara Ice Cave comprising the past ca. 1000 years. Evidence from the pollen record
indicates the prevalence of close forest dominated by Fagus sylvatica between ca. 1200
and 1500 AD, and by Picea abies between ca. AD 1000 and 1500 and from AD 1550
onwards. High amounts of micro-charcoal and macro-charcoal particles between AD
1600 and 1850 concurs with the abundant occurrence of plant macro-remains during a
period when climate conditions were cool and wet. We therefore assume that the charcoal
was washed into the cave during times of extreme rainfall events, rather than associated
with increased burning regime. The fluctuating frequencies in the pollen of herbaceous
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plants (indicators of grazed, ruderals and cultivated fields), non palynomorphs, along
with changes in the forest composition, appear to track changes in climate condition,
suggesting that land-use changes were also modulated by climate variability, i.e.,
intensified under warmer condition (Medieval Warm Period), and declining in colder
periods (Little Ice Age).
In chapter 5 we present a unique, high-resolution, precisely dated record of late
summer temperature changes, based on oxygen and hydrogen stable isotope analyses of
an ice core drilled in Scrioara Ice Cave, Romania. This record documents the climatic
changes over the course of the past ~10,000 years from an area that lacks such
information, providing new and well-built evidence for strong climatic signal interactions
in the ocean-atmosphere system. Our data suggests that the general trends of temperature
changes in mainland Europe during the Holocene were governed by changes in solar
output. Rapid cooling events were synchronous with North Atlantic IRD events, the
North Atlantic climatic signal originating from SST changes and being amplified by
atmospheric dynamics. These findings offer new insights in the large-scale interactions
between ocean and atmospheric processes, thus helping in the understanding of the
mechanisms of hemispheric and global climatic changes.
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Chapter 1: The interplay between air temperature and ice mass balance changes in
Scrioara Ice Cave, Romania

1. Introduction
The rather stable cave environments have been relatively long recognized to have
the potential to preserve past environmental informations in various types of sedimentary
archives (speleothemes, fluvial sediments, guano, bones, etc). Recently, it was shown that
perennial ice accumulations in caves could also host a wide range of paleoclimatic and
paleoenvironmental proxies (Citterio et al. 2004; Holmlund et al. 2005), of which the
most important one is the stable isotopic composition of water (i.e., ice). One such
promising site is Scrioara Ice Cave, Romania (Fig. 1.1, Peroiu et al. 2011). However,
the transfer of the climatic signal recorded by the stable isotope composition of
precipitation (a proxy for air temperature, e.g., Dansgaard 1964) to cave drip water and
further to ice is not a straightforward process (Yonge & MacDonald 1999; Kern et al.
2010; May et al. 2010; Peroiu et al. 2011) given the complex freezing and melting
mechanisms involved in ice formation and accumulation (Zelinka 2007; Kadebskaya et
al. 2008), and equally complicated relationships between cave and surface climate
(Racovi 1994a; Peroiu 2004). Specifically, the cave has a complex climatic behavior
(Racovi 1994b), with different parts of it responding differently to external forcing and,
moreover, with a strong influence of various ice mass-balance change related processes
on cave air temperature. It is thus necessary to disentangle the two and establish a
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relationship between them, which will further allow us to develop a model of how the
cave ice behaved in the past, as a base for paleoclimatic reconstruction.
The aim of this study is to present and explain the interplay between air
temperature (both external and cave) and ice dynamics in Scrioara Ice Cave and its role
in the genesis, accumulation, and preservation of the perennial ice block within it.

Fig. 1.1. Location map (the position of the cave is shown by the yellow star), plan view,
and cross-section of Scrioara Ice Cave, Romania (modified from Rusu et al. 1970).
On the cross-section, the three climatic zones of the cave (erban 1970) are shown: G –
glacial, P – periglacial, W – warm.

2. Study site
Scrioara Ice Cave (700 m long, 105 m deep) is situated in the Apuseni
Mountains (Fig. 1.1), at 1165 m above sea level; its entrance opens on the western wall of
a circular shaft, 60 m in diameter and 47 m deep, the bottom of which is covered by
perennial snow. Ice in the cave originated from freezing seepage water that accumulated
to form one of the largest (>100.000 km2) and oldest (>3000 years) underground glaciers
in the world. The ice block forms the floor of the Great Hall, its vertical sides delimiting
8

three distinct sectors of the cave: The Church, Little Reservation, and Great Reservation
(Fig. 1.1). It consists of a sequence of laminated layers, each one containing a couplet of
clear ice and impurities (mainly organic matter, calcite, soil, and pollen). Melting and
refreezing process at both the top (e.g., Racovi

1994a) and bottom (Peroiu & Pazdur

2011) of the ice block, are reflected in the annual cycle of ice level (and mass) variations,
with a maximum in early spring (at the end of the accumulation period) and a minimum
in early through late autumn (Racovi

1994a). These annual cycles are superimposed on

long-term variations, influenced by both internal (erban et al. 1967; Peroiu & Pazdur
2011 and external (i.e., climatic) factors (Racovi

1994a). At present, the ice block is in

a steady state, following a period of rapid and almost continuous melting, in the middle
and late 20th century.
The climate of the region is continental temperate. The mean annual temperature
near the cave’s entrance is ~5.2°C, the temperature of the coldest month (January) is -4ºC
(the winter air temperatures varying between -27°C and +10°C), and of the warmest
(July) is 15ºC (varying between +2°C and +20°C), respectively (Or eanu & Varga
2003). The prevailingly western circulation of the air in the Apuseni Mountains causes
large precipitation amounts (around 1200 mm/year), with the highest values in spring and
early summer months and the lowest ones in October.

3. Methods
External air temperature (Tair) and precipitation amount were recorded on an
hourly basis near the cave’s entrance, between 1 October 2007 and 30 December 2009,
using a HOBO Weather Station, with a measurement accuracy of ±0.2°C, 0.02°C
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resolution, and drifts less than 0.1°C/year. Rainfall amount has been recorded only when
T was above 0°C, with a 0.1 mm resolution. Cave air temperature was recorded on an
hourly basis (over the same period as for the outside meteorological parameters), with
Gemini TinyTag Plus dataloggers (0.5°C accuracy and 0.01°C resolution at 0°C), in three
locations inside the cave (Fig. 1.1): the Great Hall (GH, ~10 m from the entrance shaft),
the Great Reservation (GR, ~210 m from the entrance) and The Church (TC, ~120 m
from the entrance). The locations have been chosen to reflect the thermal differences
existing between the different parts of the cave: the GH is under the direct influence of
external meteorological variations, while TC and GR are situated further away from it.
Perennial ice is present in the GH and TC (the ice block itself and ice stalagmites and
domes), whereas in the GR, the ice has a semi-perennial occurrence, in the form of ice
stalagmites and ice crusts. No measurements were performed in the inner sectors of the
cave, since Viehmann et al. (1965) and Racovi (1994b) have shown that the air
temperature in these sectors of the cave is constant at +4.2°C.
Ice mass balance measurements were carried out on a monthly basis in the GH, by
measuring the distance between the ice surface and the overhanging rock wall with a
precision of 0.5 cm. In addition, observation on the ice melting and genesis processes
were taken approximately every month.

4. Results and discussion
Figure 1.2 shows the full record of air temperature changes in Scrioara Ice Cave
compared to the external ones. Three features of the temperature curves are noticeable: 1)
in phase changes of air temperature in the cave and at the surface, as long as the later are
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below 0°C; 2) constant (~0°C) values of air temperature inside the cave when the external
ones are above 0°C; and 3) decreasing amplitude of air temperature with increasing
distance from the entrance, from 50.7°C outside the cave, to 13.9°C in GH, 8.2°C in TC,
and 4°C in GR.

Fig. 1.2. Time series of daily air temperature in Scrioara Ice Cave (C – cooling phase,
W – winter phase, S – summer phase).
The maximum air temperatures in the GH and TC never exceed 0.1°C, whereas in
the GR they reach 0.5°C. The minimum air temperatures follow a similar pattern,
decreasing from -22.5°C outside the cave to -13.8 in the GH, -8.1°C in TC, and -3.6°in
the GR. Thus, the amplitude variations inside the cave are given by the magnitude of air
temperature drops below 0°C. In the inner, non-glaciated parts of the cave (Coman
Passage), the air temperature amplitude is ~0.5°C (Racovi 1994a).
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Monthly means of air temperature outside the cave and in the GH, precipitation
amount, and ice level changes (in the GH, expressed as the distance between the ice
surface and the overhanging rock wall) are shown in Fig. 1.3 (data from October 2007
through December 2008). Precipitation amounts were highly variable, with maximum in
March 2008 and (a rather unusual, as generally maximum occurs in late spring through
early summer) minimum in June 2008. Ice level changes show a minimum in midautumn (November 2008) and maximum in February 2008.

Fig. 1.3. Monthly values of external air temperature and precipitation, air temperature,
and ice level variations in the GH, Scrioara Ice Cave. No measuremnets of ice level
changes were made in December 2007 and February 2008.
Based on previous work on cave climate (e.g., Racovi 1994b) and the analysis
of our data, we have divided one years’ data in three periods, which shall be analyzed
separately (Fig. 1.2). The first one is the summer phase (“S” in Fig. 1.2) when the cave
air temperature rises above 0°C and stays constant at this value; the second is the cooling
phase (“C” in Fig. 1.2), between the first inflow of cold air (T<0°C, usually in early
12

October) and the complete freezing of the lake water in the GH (late December). The
third is the winter phase (“W” in Fig. 1.2), between the end of the cooling phase and the
beginning of summer phase, during which the air temperature is (usually) below 0°C. The
present study relies on the 2007-2008 season data set. Yet, to emphasize (or reject) some
of the observations, data from the 2008-2009 season have also been used.

4.1. Summer phase
It corresponds to the time interval when air temperature in the glaciated part of the
cave is maintained at ~0°C. The onset of this phase is not synchronous in all parts of the
cave, occurring ca. 1 month earlier in the GR (2 April 2008) as compared to TC (2 May,
“b” arrows in Fig. 1.2) and the GH (6 May, “a” arrows in Fig. 1.2). When the cold air
inflow ceases in early spring, air temperature inside the cave begins to rise mostly under
the influence of geothermal heat advected from the inner, non-glaciated parts of the cave,
and that brought by inflowing warm water; while the conductive heat fluxes through the
cave walls in the glaciated parts of the cave are used to thaw the frozen pore waters
(Luetscher et al. 2008) and warm the rock, rather than the air.
Racovi et al. (1991) have shown that the cooling of the walls in the GH (-4°C at
20 cm depth) and TC (-2°C) is stronger than in the GR (-1°C), cooling that partly
explains the delay in the onset of the summer phase (Fig. 1.2). The heat stored in the ice
also contributes to this delay, the seasonal ice crusts and semi-perennial ice stalagmites in
the GR having a negligible thermal inertia as compared to the ice block in GH and TC.
The onset of the summer phase in the GH and TC is synchronous, although the
timing and duration of heat exchanges between the rock walls and ice, on one side, and
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air temperature, on the other, differ in these two parts of the cave. Strug et al. (2008) have
shown that ice temperature changes are synchronous in the GH and TC, so that the
sensible heat (and later in the warming processes the latent heat of fusion) stored in the
ice affects air temperature in these two rooms in a similar way. However, rock
temperature data (unpublished data in the archives of the “Emil Racovi” Institute of
Speleology, Cluj Napoca, Romania) reveal that thawing of the walls occurs ca. 1 month
earlier in the GH than in TC (although the cooling is stronger in the former, see above).
We suggest that this earlier warming of the walls must be related to the conductive heat
transfer through the air column in the entrance shaft next to the GH, which
counterbalances the effect of winter cooling. The effect of the heat advected through the
entrance shaft on air temperature in the GH (leading to faster warming) must be offset by
the larger area of ice and cold rock in this room than in TC (which leads to a delayed
warming), so that the onset of summer phase in these two rooms occurs synchronously.
As soon as air temperature in the cave reaches 0°C, melting of ice is initiated (Fig. 1.3),
and it is this processes that further controls air temperature. The complete melting of the
ice crusts (on the floor and walls) and ice stalagmites in the GR with subsequent drainage
of resulting water through the rock fissures, cause a slow increase of air temperature
above 0°C (“c” arrow in Fig. 1.2), a process not observed in the TC and GH, where both
ice and water are still present.
Spectral analysis reveals no periodic signal in cave air temperature during
summer, whereas outside air temperature displays a strong 24 h periodicity (Table 1.1).
Cross-correlograms of external and cave air temperatures show no correlation between
the two (Fig. 1.4a), whereas cross-correlation between the three rooms of the caves show
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extremely week (Fig. 1.4c) correlations with random lags (between +5 and -10 h), a clear
indication of processes controlled by an external forcing mechanism, which in this case is
the melting of ice.
Table 1.1. Strength of the 24h periodic signal inside and outside Scrioara Ice Cave.

Exterior
Great Hall
The Church
Great Reservation

Distance (m from entrance)
10
123
200

Summer
18990
0.37
0
0

Winter
8327
147
23.28
5.6

The end of the summer phase occurs with the first inflow of cold air inside the
cave usually in mid-October (20 October 2008 and 18 October 2009), but the date is
more variable. The timing of the end of the summer phase between the different parts of
the cave depends on two factors – the intensity of the first cooling and its duration, and it
will be discussed in more detail in chapter 4.2.

Fig. 1.4. Cross-correlations of air temperature values (hourly values) between exterior
and Scrioara Ice Cave during (a) summer phase and (b) winter phase; and between
different parts of Scrioara Ice Cave during the summer (c) and winter (d) phases.
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4.2. Cooling phase
Although air temperature drops below 0°C (and consequently below cave air
temperature) already in early October (Fig. 1.5a), no changes in air temperature can be
noticed inside the cave. However, there must be cold air flow inside the cave due to
differences in air temperature and pressure, but this descending air will undergo two
separate, but simultaneous, processes: warming by the cave walls and cooling by
evaporation of moisture (the inflowing cold air has a lower dew point temperature than
cave air temperature) present on the walls and in the air (Wigley & Brown 1976). This
evaporative cooling (Yonge 2004) is of minor importance for the cave’s heat balance, as
further cooling outside the cave leads to cold air avalanches (Perrier et al. 2005) through
the entrance shaft, which quickly reach the GH (less than 1 hour, Fig. 1.5b). The cold air
flowing inside the cave determines the beginning of freezing of lake water standing on top
of the ice block in the GH. Initially, ice crystals develop at the surface of the water (Fig.
1.5c) until a continuous ice layer covers the entire lake. Further cooling will determine the
complete freezing of the water, from top to bottom, a process that usually takes 1-2 months.
Ice mass balance measurements have shown that the level of ice increases by ca. 2-12 cm
during this interval, depending on the depth of the lake before freezing (Fig. 1.3).
Sometimes, the turbulent inflow of cold air (in concert with dripping water) produces small
waves on the lake’s water, which will be spilled over cold ice and freeze to form a specific
pattern (Fig. 1.5d). In the first stages, the cold wave is not felt deep inside the cave, being
warmed as the freezing of water proceeds in the GH. However, continuous and sustained
cooling outside the cave (Fig. 1.5a) leads to a strong cold air advection inside the cave,
which will reach the GH and TC (usually with a delay no longer than 1 hour, Fig. 1.5b).
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Fig. 1.5. Cooling phase in Scrioara Ice Cave: time series of daily air temperature (a),
cross-correlation of hourly air temperatures between exterior and the cave (b); icecrystals formed on top of the lake in the early stage of freezing (c); frozen waves formed
during the freezing of lake water (d). The length of the scale bar in (c) and (d) is 8 cm.

A convective air cell is established, with warm air being replaced and pushed out
along the ceiling of the cave. Heating of air in contact with the walls and latent heat
transfer from the ice to the air in the process of water freezing increases the air
temperature inside the cave and thus the pressure difference between surface and the cave
environment, enhancing the speed of inflow air (as also noticed by Pflitsch et al. (2007)
in Dobsinká L’adová Jeskia, Slovakia, and Ohata et al. (1994) in Fuji Ice Cave, Japan)
and leading to further cooling, by a positive feedback mechanism. Cooling outside the
cave sends a new wave of cold air inside the cave and the processes is rejuvenated. Once
the water inside the cave (lake water in GH and TC and dripping water in GR) is
17

completely frozen, cooling of the cave air accelerates, as the amount of sensible heat
required to cool the ice is smaller than the latent heat required by the freezing process.
Inflow of cold air is intermittent both during the cooling phase, and during the
subsequent winter phase (see below). Release of sensible heat (and latent heat as well,
during water freezing) slowly warms the undercooled air inside the cave, the air
temperature climbing on a ramp-like fashion towards 0°C (see Fig. 1.2). Lowering of
external air temperature below the internal one initiates a new pulse of cold air and the
cooling resumes.

4.3. Winter phase
The winter phase begins when freezing of lake water (i.e., the standing water on
top of the ice block in the GH accumulated during the summer melting phase) completes
in early winter (December 5, 2007; December 22, 2008; December 16, 2009) and lasts
until melting resumes in summer (Tair>0°C: May 2, 2008; June 6, 2009). Although
temperature is below 0°C a few weeks before the above delimitated start of the cold
phase, a lake is still present in the GH (and partly in the TC) and the in-cave processes
are still specific for the cooling phase. Once the entire water is frozen, the dominant
processes (discussed below) are: 1) turbulent inflow of cold air towards the GH, TC, and
GR, 2) sensible heat transfer from rock and ice to air, accompanied by a slow warming of
air, and 3) strengthening of warm air outflow along the cave’s ceiling and subsequent
condensation of water. The cold airwave reaches the GH with a delay of about 1h (Fig.
1.4b), which increases to 2h in the GR and TC. Moreover, there is a similar 1h lag
between air temperature changes in the GH, on one side, and the GR and TC on the other
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side (Fig. 1.4d), indicating that the inflowing cold air, divided into to branches, reach the
inner parts of the cave in about the same time (0h lag between the GR and TC). The
curves in Figs. 1.4b and 1.4d are based on data from the entire winter phase, thus taking
into consideration also periods when the temperature outside the cave is equal or slightly
above that inside the cave (e.g., between January 23 and 29, 2009, Fig. 1.2), when no
inflow of cold air is noticeable. If we consider only the period when Tair outside the cave
is below Tair inside (e.g., February 9-27, 2009), the lag between the Tair outside and inside
the cave is less than 1h, emphasizing the quick transfer of surface cold air into the cave.
The good correlation between the two environments is evident if we consider the strength
of the 24h periodic signal, which is stronger than in summer (Table 1.1), and diminishes
with increased distance from the entrance.
Negative temperatures never penetrate at depths greater than 150 cm (Strug et al.
2008) in ice, while in rock they exceed 20 cm (the maximum depth reached by winter
cooling is not known, but studies elsewhere (Luetscher et al. 2008) have shown that it
could be as deep as 80 cm). In winter, dripping condensation water (Racovi &
Viehmann 1984) and occasional inflow from liquid precipitation freezes in the
undercooled environment to form floor ice (Fig. 1.3; thin layers – up to 1-2 cm each – of
ice on top of the autumn lake ice) and ice stalagmites in the GH, TC, and GR. The
processes are especially active in early winter, when the air temperature near the cave
ceiling is still positive and water droplets rather than hoar frost form through
condensation (as opposed to later in the winter). Similar types of ice form during warm
and wet periods, when precipitation water is reaching the undercooled cave environment.
A second, more important period of floor ice and ice stalagmite formation is in early to
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late spring, when melting of snow and spring rains enhance dripping (Racovi & Crciun
1970). However, the heat advected by the dripping water, combined with the prolonged
absence of cold air inflow (Fig. 1.2), rapidly overcome the heat absorbing capacity of the
ice and rapid melting of the formations begins (Fig. 1.3).

5. A conceptual model of heat reservoirs, sinks, and fluxes in Scrioara Ice Cave.
Implications for paleoclimatic studies
In non-glaciated caves, the thermal balance of the cave’s air is controlled mainly
by the heat fluxes conducted through the rock walls (both external and geothermal heat)
and those advected through the cave entrance(s) (the case of caves with flowing water is
not considered here). Heat absorbed and released during the water phase changes (mainly
condensation and evaporation) plays a minor role. This rather simple picture is far more
complicated within ice caves by the presence of ice and its phase changes with the
associated heat (and matter) fluxes (Figs. 1.6-1.9). Depending on the air temperature
variations outside, three main states can be recognized in the organization of the heat
fluxes in Scrioara Ice Cave: summer, cooling, and winter state.
In the summer state, all heat fluxes are directed towards the ice block and the air
in the glaciated part of the cave (Fig. 1.6). The inner, non-glaciated part of the cave and
the warm outside air act as heat sources, while the melting ice (and snow at the bottom of
the entrance shaft) is a strong heat sink, thus keeping the air temperature in the glaciated
part of the cave at 0°C (Fig. 1.2). The sensible and latent heat absorbed by the melting ice
is carried away by outflowing water. A side, but notable effect of the strong heat fluxes
towards the melting ice block is the lowering of the mean annual air temperature (MAT)
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in the non-glaciated sector of the cave by ~1°C below the external MAT. MAT in caves
in the temperate climatic belt approximates the MAT outside the cave (Wigley & Brown
1976; Badino 2010), and this lowering could have an important impact on paleoclimatic
reconstructions using the 18O of speleothemes as proxy for air temperature (McDermott
2004; Lachniet 2009).

Fig. 1.6. Conceptual model of the heat and matter fluxes between the different parts of
Scrioara Ice Cave in the summer state (full arrows – heat fluxes, dashed arrow –
matter flux, SH – sensible heat, LH – latent heat).

The cooling state is a transitional one, the major role in the dynamics of the heat
fluxes being the inflow of cold air, which acts as a heat sink (Fig. 1.7). The heat fluxes
between the ice (and snow) and air reverse, leading to cave cooling and the freezing of
water and genesis of ice. The latent heat of freezing in the lake water and the sensible
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heat from the inner parts of the cave are the main sources of heat in this state, with the
later acting continuously, and the former only for ca. 1-2 months, depending on the
strength and temperature of inflowing cold air.
Once the water inside the cave is frozen (except for any occasional inflow), the
winter state (a simplified version of the cooling phase) establishes inside the cave (Fig.
1.8). The heat advected from the inner parts of the cave and the rock walls is consumed in
warming the down flowing cold air, which in this case is the main heat sink.
In all three states above, supplemental heat originates from inflowing water, and
is generally quickly absorbed by the cold air and the ice, ultimately leading to floor ice
(Fig. 1.3) and ice stalagmites formation (and, once the under cooling of the rock walls
reaches the ceiling of the cave, ice stalactites).

Fig. 1.7. Conceptual model of the heat and matter fluxes between the different parts of
Scrioara Ice Cave in the cooling state (legend similar to Fig. 1.6).
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However, during winter state, if external air temperatures are above internal ones,
the heat fluxes quickly reverse, being directed towards the cave air and ice, slightly
warming both of them (Fig. 1.9). External cooling and inflow of cold air, once again
reverses the heat fluxes back to the situation described in Fig. 1.8. At the end of the
winter, heat originating in the external warm air (Fig. 1.2) and increased inflow of water
(Fig. 1.3) causes another reversal of heat fluxes, which are now directed towards both air
and also the ice formations. Heat (both sensible and latent) is rapidly absorbed by the
(initially warming and later melting) ice, keeping air temperature close to 0°C (Fig. 1.9).

Fig. 1.8. Conceptual model of the heat and matter fluxes between the different parts of
Scrioara Ice Cave in the winter state (legend similar to Fig. 1.6).

Additional source of heat is that supplied by the touristic use of the cave, i.e., the
lightning equipment (incandescent lamps) and the tourists themselves. Whereas the heat
generated by the lamps is low (~45 W/h), that originating form the metabolic heat
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production (e.g., Yamane et al. 2010) is more important (>350 W/m2/h, Osczevski 1995).
Occasional measurements near the tourist path in Scrioara Ice Cave have shown that
the air temperature rises by ca. 3°C immediately after a tourists group (usually 40-70
persons) passed the sensor, but it drops to 0°C in less than 1h. However, during heavy use
of the cave (summer week ends and holidays), visitors are constantly present inside the
cave and the air temperature remains at positive values in the close vicinity of the tourist
path. However, no temperature rise was recorded by any of the data logger placed ~10 m
away from the tourist path. Thus, we conclude that all the heat generated by the presence
of tourists is consumed to melt the ice, rather than warming the air. Nevertheless, we
cannot completely exclud the possibility that some of this heat actually rises towards the
ceiling of the cave instead of melting ice near the tourist path.

Fig. 1.9. Conceptual model of the heat and matter fluxes between the different parts of
Scrioara Ice Cave at the end of winter state (legend similar to Fig. 1.6).
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6. Conclusions
Water and air fluxes in Scrioara Ice Cave act as heat sinks (both sensible and
latent) lowering the cave mean annual air temperature below the external one (Fig. 1.10).
The processes related to ice mass balance changes, namely melting and freezing of water,
are redistributing the heat throughout the year.

Fig. 1.10. Summary of air temperature variations in Scrioara Ice Cave. The black
ellipse shows the air temperature range when most of the ice forms (including the cooling
period, but not limited to it).
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The main periods of ice formation are in late autumn, when cold air avalanches
lead to the freezing of water pooling on top of the ice block and in winter through spring,
when inflowing water freezes on top of the previously formed ice. Following the
complete freezing of the water, further cooling of the cave atmosphere is initiated, the
cold wave propagating towards the inner, non-glaciated sectors of the cave. However,
sensible heat release from the cave walls prevent under-cooling in the deeper parts of the
cave, where air temperature remains above 0°C, but still below the mean annual air
temperature outside the cave. From mid-autumn until late spring, a strong coupling exists
between surface and cave air temperature changes, with cold spells instantaneously
transmitted inside the cave (less than 1h), whilst the heat released by freezing water
delays the long-term cooling by ca. 2 months Fig. 1.3). Warming of the cave air occurs in
mid-spring, mostly as a consequence of heat delivered to the cave atmosphere by melting
snow and enhanced precipitation, as well as cessation of heat sinking in the inflowing
cold air. In summer, the external and cave environment are not connected via a dynamic
process (i.e., air mass transfer). Conductive transfer through the air column in the
entrance shaft and the rock walls, and through dripping water are the main sources of heat
for the cave. Latent heat consumed in thawing of ice in the rock walls pores, sensible heat
transferred to the warming ice and rock, and latent heat uptake by melting ice, are the
main heat sinks that maintain the air temperature at 0°C. The last process is responsible
for the preservation of the ice block, as its large surface (>3000 m2) absorbs considerable
amounts of heat and limits melting to a few cm/year on a vertical scale, melting that is
overcompensated by the winter accumulation. The size of ice surface subject to melting
seems to play an important role in the preservations of ice, as cave ice bodies with a
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much smaller surface show am increases year-to-year level variations (e.g., up to a few
meters/year in Svarthamarhola Cave; Lauritzen 2010, pers. comm.).
Our (and previous) data suggest that the ice block in Scrioara Ice Cave has a
complex response to external (short and long-term) climate variations, thus, its future
behavior under changing climatic conditions is more difficult to predict compared to
surface glaciers.
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Chapter 2: Stable isotope behavior during cave ice formation by water freezing in
Scrioara Ice Cave, Romania

1. Introduction
One of the most widely used proxies in paleoclimatology is the stable isotopic
composition of precipitation preserved in ice. Studies of polar ice sheets (Dansgaard et al.
1969; NGRIP Community Members 2004; EPICA Community Members 2004) and nonpolar, high-altitude and high-latitude glaciers (Thompson & Davis 2005; Thompson et al.
1979, 1989; Isaksson et al. 2003; Yang et al. 2009) have reconstructed past climatic
variability by applying the relationship between air temperature (Tair) and stable isotopic
composition of precipitation (2H/1H and 18O/16O, e.g., Dansgaard 1964). Recently, similar
studies have been extended to cave glaciers (Kern et al. 2004; Luetscher 2005; Clausen et
al. 2007) but with limited success, as there is a broad spectrum of stable isotope behavior
in cave ice formed by the congelation and/or desublimation of water. For example,
Yonge & MacDonald (1999) have shown a negative correlation between the 18Oice and
Tair for caves from the Canadian Great Divide, whereas Kern et al. (2010) reported a
positive correlation of the two parameters for a cave in NW Romania. Fórizs et al.
(2004), have found higher 18O and 2H values in ice than in precipitation in an ice cave
from Apuseni Mountains, Romania, and concluded that this
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O- and 2H-enrichment is

caused by either evaporation and/or melting of ice. Yonge & MacDonald (1999) and
Luetscher et al. (2007) have suggested that the deposition of water from warm and humid
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air on top of cold ice could be responsible for similar 18O- and 2H- enrichment. Citterio et
al. (2004) have observed a trend of 18O-depletion with increasing depth in annual layers
and they have suggested that is due to the preferential incorporation of 18O in ice during
freezing.
However, none of these studies were able to present a straightforward explanation
for processes that affect stable isotopic composition of water and ice during the formation
of ice in caves in temperate region. The aim of this paper is to interpret the behavior of
the stable isotopes in cave ice from Scrioara Ice Cave (Carpathian Mountains Romania)
and to develop a site-specific model of stable isotope behavior during cave ice formation
that may be applied more generally to cave ice formed under similar conditions in the
northern hemisphere’s temperate climate belt (where all known ice caves are present).

2. Site description
Scrioara Ice Cave (700 m long, 105 m deep, 1165 m asl; Fig. 2.1) hosts the
world’s largest (100000 m3, 22.5 m thick) and one of the oldest (~3000 years) cave ice
deposit (Racovi & Onac 2000; Holmlund et al. 2005). The cave’s morphology is
simple: a large (17x14 m) entrance at the bottom of a 46 m deep shaft gives access to a
vast room, occupied by the underground ice deposit, surrounded by three partly ice free
passages (Fig. 2.1). The peculiar morphology of the cave and the presence of the ice
block produces a specific cave climate in the glaciated sector, with summer Tair never
exceeding 0°C, and winter Tair precisely following the external variations (although with
a much reduced amplitude), whereas in the non-glaciated sector Tair is constantly +4.4°C,
below the external mean annual Tair (5.2°C, Racovi 1994a; Oreanu & Varga 2003).
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Fig. 2.1. Location of the study area and cross-section of Scrioara Ice Cave. The
position of water and ice sampling points in the cave are indicated by red dots.

The climate of the region is continental temperate. The mean annual temperature
near the cave is ~5.2°C, with the temperature of the coldest month (January), and
warmest (July) being around 4ºC, and 15ºC, respectively. In winter, outside Tair can
vary between 27°C and +10°C, while summer temperatures rarely exceed +30°C.
Freezing can occur as early as September and can last, with interruptions, until late April.
The prevailingly western circulation of the air in the Apuseni Mountains causes large
precipitation amounts (mean > 1600 mm yr-1 at Stâna de Vale, some 30 km to the NW
from the cave) to fall on their western slopes, whereas on the eastern slopes the mean
precipitation rates are reduced by half (below 850 mm yr-1 at Bioara, ca. 35 km to the
NE). In the area surrounding the cave, the mean annual precipitation amount varies
around 1200 mm, with the highest monthly rates in spring and early summer months and
the lowest in October. The duration of snow cover is estimated to be 150180 d yr-1
(usually between mid-November and mid-March).
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Stable isotopes in precipitation were measured on samples collected between
December 2004 and August 2006 (see Peroiu et al. (2007) for details). Values range
between 3‰ (June) and 22‰ (December) for 18O, and between 17‰ (June) and
188‰

(December)

for

2H.

The

Local

Meteoric

Water

Line

(LMWL;

2H=8.14*18O+10.3), derived from 2004 through 2006 data (Peroiu et al. 2007), is
similar to the Global Meteoric Water line (GMWL; 2H=8*18O+10; Craig 1961), and in
close agreement with values obtained by Fórizs et al. (2004) and Bojar et al. (2009) for
the same region.
Perennial ice forms only in the Great Hall (Fig. 2.1), during two distinct periods:
the first in mid to late autumn, and the second from early winter to late spring. In autumn,
when external Tair drops below 0°C, cold air sinks into the cave causing the lake formed
on top of the ice block to freeze downward in two main stages. First, ice needles and
crystals develop relatively rapidly at the lake surface, and subsequently coalesce to form
a thin layer of ice that isolates the remaining water and reduces the freezing rate. Second,
the remaining water slowly freezes downwards, until the entire column of water solidifies
to form a stratified ice layer (up to 15 cm thick), hereafter called “lake ice”.
Winter and spring ice (hereafter “floor ice”) forms as drip water, originating from
occasional rainfall events or melted snow, progressively freezes in thin layers,
superimposed on the surface of lake ice formed in the previous autumn. Late spring and
early summer rain events increase the amount of percolating water reaching the cave. The
warm drip water melts a thin ice layer (mostly floor ice) at rates that vary between 0.5 to
2 cm/month. The resulting water drains towards the deeper sections of the cave through
narrow (3-4 cm wide) and shallow (2-3 cm deep) channels carved in the upper face of the
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ice block. As the rate of summer precipitation decreases towards late summer, these
channels are filled with newly formed ice, allowing the formation of a shallow lake (from
late summer through mid-autumn precipitation) that occupies most of the ice block’s
surface. It is this lake that freezes in the autumn to form a new layer of lake ice, as
described above (Racovi 1994b; Peroiu 2004). This mechanism of cave ice formation
has been documented since the early ‘60s, and monthly measurements spanning almost
three decades have shown it is a lasting process (Racovi et al. 1987; Racovi 1994b;
Peroiu 2004).
Visual examination of a 22-m long ice core from the cave (Holmlund et al. 2005)
revealed more or less horizontal ice layers in its upper 11 m and more pronounced
oblique, banded structure below. Ice crystallography analyses indicate steady growth of
ice crystals and there is no sign of ice deformation (Holmlund et al. 2005). Layers of fine
cryogenic calcite dust horizons, air bubbles, or dark organic debris delineat the banded
structure. Where fine cryogenic calcite dust and higher bubble concentrations are present,
the ice takes on a milky appearance. Air bubbles are either spherical or oval (sub-mm to
~1 cm across) and arranged into either short vertical trains or horizontal filament-like
pattern. The latter develop along ice crystal boundaries and provide a useful “way-up”
indicator (Gell 1976). In most cases, however, the layered structure is due to changes in
the habit and size of the ice crystals or gradations in crystal texture. In the newly formed
lake and floor ice, columnar ice crystals are elongate parallel to the ice block indicating
rapid growth of ice in bulk water with crystal growth along the a-axes (Petrenko &
Whitworth 2002). Slow freezing of water in the lower part of the lakes results in either
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randomly arranged, small equigranular ice crystals or larger crystals, originating by
recrystallization of the small ones.

3. Methods
3.1. Sample collection
Between August and September 2008, precipitation and drip water were
continuously collected in HDPE barrels, and every two weeks an aliquot was sampled
and stored for analyses. Water was collected through a plastic funnel attached to the
mouth of the barrel. In order to minimize evaporation, a ~2-m long tube was attached to
the end of the funnel, and the surface of water in the barrel was coated with linseed oil.
Before resuming collection, the barrel was emptied, cleaned and dried. Lake water
(accumulated from drip water) was collected in September 2008, before the onset of
freezing, at three different locations in the Great Hall (A – 4 cm deep, B – 9 cm deep, and
D – 6.5 cm deep, Fig. 2.1). The first ice layer to form (~0.5 cm thick) and the unfrozen
water from below it were sampled in the same locations in October 2008. Finally, ice was
collected in January 2009, after complete freezing of the lake, by drilling short cores in
the ice in points A (6 cm long), B (12 cm long), and D (10 cm long); these were
subsequently cut into equal length pieces that were allowed to melt at room temperature
in sealed bags (core C was lost during collection). The resulting water was transferred to
HDPE bottles and stored at 4°C prior to analysis. An additional sample of snow from the
bottom of the entrance shaft was sampled.
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3.2. Analyses
All samples were analyzed using a Thermo Delta V Advantage Isotope Ratio Mass
Spectrometer, using the equilibration method (Epstein & Mayeda 1953; Prosser &
Scrimgeour 1995). Stable isotope data are expressed in the conventional  (delta)notation:
R
 R standard 
 =  sample
1000‰,
R standard


where Rsample and Rstandard are the
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O/16O or 2H/1H ratios in the sample and standard,

respectively. The results are reported in ‰ versus SMOW, using two internal standards.
The analytical precision (2) is better than 0.2‰ and 1.0‰ for oxygen and hydrogen,
respectively.

4. Results
18O and 2H values in all precipitation, drip water and lake water samples show a
high degree of correlation (r2=0.99; Table 2.1; Fig. 2.2), hence only 18O is used in the
discussion of depth trends. All 2008 precipitation, seepage and lake water data plot on the
LMWL (Fig. 2.2 a, b), but with a reduced range for seepage water (0.4‰), as compared
to precipitation (3.9‰).
All ice cores have a layer of lake ice at their bottom (4 cm in core A, 10 cm in
core B and 8 cm in core D) formed by the freezing of lake water accumulated between
August and September 2008. The lake ice is overlain by three visually distinct layers of
floor ice (2 cm total thickness) formed from water that reached the cave in the relatively
wet and warm period between late-November and mid-December, and that froze in thin
layers on top of the lake ice. The difference in total thickness of lake ice is due to
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variations of the lake’s depth, related to uneven morphology of the ice surface on which it
formed. At the bottom of core D, a layer of ice from a previous period of accumulation
(2007) was also sampled. All floor ice melted between April - August 2009, so it does not
account for the 2008 annual layer. The isotopic composition of lake water before freezing
and of the resulting ice (including that of the ice cores segments) is shown in Fig. 2.3.
Table 2.1. Stable isotope data for 2008 precipitation, drip water and lake ice.
2008
Precipitation
Snow
Drip water

Lake water

Period/site
15-22 August
22-31 August
01-16 September
16 September
15-22 August
22-31 August
01-16 September
Site A
Site B
Site D

18O (‰)
7.1
9.6
11.0
10.1
9.2
9.4
9.6
9.9
9.7
9.9

2H (‰)
51
68
80
52
64
69
69
64
66
66

5. Discussion
5.1. Relation between precipitation, drip water and lake water isotopes
The local 18Oprec.-Tair regression line has a slope of 0.88 ‰/°C (r2=0.77), in close
agreement with the values published by Rozanski et al. (1992) for continental, mountain
settings, so the isotopic composition of precipitation can be seen as a good proxy for
outside Tair (Peroiu et al. 2007). Mixing and homogenization of waters from individual
rain events in the overlaying bedrock (~20-30 m thick) explains the reduced amplitude of
isotopic variation in seepage water inside the cave (Table 1). However, the average 18O
value (9.8 ‰, 2 = 0.1 ‰) of the lake water is similar to that of the seepage water that
feeds it (9.4 ‰), and to the average value (9.2 ‰) for August through September
precipitation, which was at the origin of the seepage and thus lake’s water. The slightly
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lower -values of lake water are probably related to the addition of relatively

18

O-

depleted water (18O = 10.1‰, 2H = 52‰) from the melting of snow at the bottom of
the entrance shaft.

Fig. 2.2. Stable isotope data for waters at Scrioara Ice Cave. a) 2004-2006
precipitation (blue dots), 2008 precipitation (orange squares), drip water (green circles)
and ice (red stars). b) Same as in a, but with data for the late summer-early autumn
precipitation values only. The upper equation (blue) is the LMWL, and the lower one
(red) the freezing slope for all ice samples (see text for details). c) 2H – d-excess
relationship (green stars – core A, red squares – core B, blue dots – core D, Eq –
equilibrium, K – kinetic, see text for details).

5.2. Effect of lake ice freezing on the isotopic composition of water and ice
Jouzel & Souchez (1982) and Souchez & Jouzel (1984) have shown that freezing
of water in closed system conditions (with a freezing front moving downwards parallel to
the water surface) results in a succession of ice layers with a trend of 18O- and 2Hdepletion with depth; the -values of ice being aligned in a 18O-2H diagram on a line
called “freezing slope”, which is lower than the slope of the GMWL.
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Each of the three analyzed cores consists of floor and lake ice (Fig. 2.3), both
formed by the freezing of water. However, the difference in the freezing style between
floor and lake ice (see above) is reflected in their isotopic composition. -values of lake
ice in cores B and D (Fig. 2.3, layers from 4 downwards) display a similar trend of 18Oand 2H-depletion with depth, with nearly identical -values at top and bottom (core A
misses the most
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O- and 2H- depleted lower segment which was lost during sampling).

18O values in the upper lake ice core segment (A4, B4, and D4 in Fig. 2.3) are very
similar to that of the initial ice layer collected in October after the onset of freezing, thus
indicating that little or no melting occurred during the inflow of water in NovemberDecember. However, the isotopic composition of the first layers of lake ice is more 18Oand 2H-depleted than that predicted by isotopic equilibrium conditions (Fig. 2.3, data in
second column).
Floor ice samples are highly variable in their isotopic composition (between
9.0‰ and 13.3‰, Fig. 2.3), both within a single core and between cores, and often
significantly different from predictions based on isotopic equilibrium (using the
definition of equilibrium fractionation factor:  icewater =

1000 +  ice
for the first layer of
1000 +  water

lake ice; Fig. 2.3). Both these observations can be explained by differences in the isotopic
composition of water that originates from different dripping sources and not
homogenized in a single pool before freezing, as is the case with lake ice. A second
process that could explain these observations could be related to changes in the freezing
rates resulting in apparent fractionation factors lower than those at equilibrium (Souchez
et al. 1987; Souchez et al. 2000a; Jouzel et al. 1999). Posey & Smith (1957) have shown
that values of ice-water for O and H isotopes are inversely dependent on freezing rate, and
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approach isotopic equilibrium at very low freezing rates. Tair during the onset of freezing
was around 5°C and rapidly changed by more than 5°C/hour, thus strongly affecting the
freezing rate of water and consequently the fractionation factor and the -values of the
first core segment of lake ice and those of the floor ice. Trapping and subsequent freezing
of water during initial crystal growth could have also contributed to -values of the first
core segment of lake ice that are lower than those predicted at equilibrium. O’Neil (1968)
demonstrated the latter phenomenon during experimental freezing of water and Jouzel et
al. (1999) and Souchez et al. (2000b, 2002) found a similar explanation for the isotopic
composition of the lake ice at the bottom of Vostok ice core (Antarctica).
Apparent ice-water values for the first layers of lake ice (calculated from measured
values) are between 1.0018 and 1.0013 for O, and between 1.008 and 1.013 for H,
respectively (the latter is in good agreement with those reported by Arnason (1969) for
fast forming ice during experimental freezing of water). These values are indeed lower
than equilibrium ice-water (1.003 for oxygen (O’Neil 1968), and 1.0208 for hydrogen
(Arnason 1969), and, together with trapping and subsequent freezing of water, can
account for observed differences between measured and predicted (for isotopic
equilibrium) isotopic composition of the upper core segment of lake ice.
The predominance of kinetic over equilibrium conditions seen for the floor ice
and the first core segment of lake ice is also apparent during the formation of the second
core segment of lake ice. The calculated isotopic composition of the second sampling
interval of lake ice (A5, B5 and D5) assuming equilibrium conditions and using the values of the remaining water (after the formation of the first layer of lake ice) as input, is
again higher than the measured one, suggesting that kinetic effects still occur during
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freezing of this second sampling interval, and equilibrium conditions are attained only
later in the freezing process.

Fig. 2.3. Ice cores stratigraphy and stable isotope data (white – water samples, dark blue
– lake ice samples, light blue – floor ice samples, grey – 2007 lake ice).
39

Jouzel & Souchez (1982) have theoretically calculated the freezing slope on
which samples of ice resulting from the freezing of water align in a 18O-2H diagram
using the following equation:
S=

2
2
 ice
water * ( ice water  1)
18
 18
ice water * ( ice water

(1000 +  H) ,

 1) (1000 +  O)
2

18

2
18
where  ice
water is the fractionation factor for H and  ice water for O isotopes, and the -

values are those of the initial water. Further, these authors have shown that the initial
isotopic composition of the frozen water lies at the intersection of the LMWL and this
freezing slope line. When we reconstruct the isotopic composition of water before
freezing using this method and the three experimentally derived freezing slopes, the
reconstructed values we obtain are lower by ca. 1.2 ‰ for 18O and 6 ‰ for 2H than the
measured values (Table 2, method A). However, the average value of lake water subsamples is similar to that of the initial water (we must account for the possibly missing
layer in core A), which means that no ice was lost (by melting or during sampling) and
the discrepancy must be due to the assumptions of the intersection method. Souchez et al.
(1987) have shown that the freezing process leads to the establishment of two isotopically
distinct entities within a water column: a laminar boundary layer at the ice-water
interface, and the remainder of the water, which is turbulent and thus isotopically
homogenous. Two processes continuously modify the isotopic composition of boundary
layer: preferential incorporation of heavy water isotopologues in the ice and the diffusion
of heavy water isotopologues from the bulk of the liquid. Using this model, for a case of
no boundary layer, a Rayleigh distribution of the heavy isotopologues in ice is expected,
displaying an equilibrium fractionation factor. If the boundary layer exists, the Rayleightype distribution of the heavy isotopologues in ice is likely, but with an apparent
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fractionation factor that is lower than that at equilibrium. However, regardless of the
2
18
values of ice-water, the ratio between apparent  ice
water and  ice water (see above) is

identical to the equilibrium value, so that the freezing slope doesn’t change (Souchez &
Jouzel, 1984). Therefore, we suggest that the lack of concordance between measured and
predicted isotopic values for the initial water must be due to the trapping and subsequent
freezing of water between ice crystals. The amount of this entrapped water is unknown,
as well as the rate and style of freezing. Therefore, if we are to reconstruct the isotopic
composition of initial water, we must exclude those samples that were affected by kinetic
processes (due to fast freezing and, most important, trapping of subsequent freezing of
water between the already formed ice crystals). Souchez et al. (2000a) have shown that a
kinetic effect is expected during fast freezing of water and the samples of ice formed
under these conditions lack the inverse relationship between 2H and deuterium excess (d
= 2H-8*18O) that characterizes ice formed under isotopic equilibrium conditions. An
inverse correlation between 2H and deuterium excess can be seen for the samples from
the lower section of the lake ice cores, whereas no such relationship is evident for
samples from their upper part (Fig. 2.2 c). Thus, after the formation of the first layers of
ice by the addition and subsequent freezing of water between ice crystals, freezing
proceeded downward under equilibrium conditions, but at a decreasing rate, as the
remaining water was insulated by the thickening ice layer above it. Ferrick et al. (1998)
have shown that there is a continuous increase of ice-water with decreasing freezing rate,
so that if disequilibrium fractionation prevails during the first stages of ice formation,
isotopic equilibrium may be achieved in the later stages.
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Table 2.2. Measured and reconstructed 18O and 2H in cave ice., and slopes of the 2H18O relationship.

Initial water
Reconstructed initial water (method A)
Reconstructed initial water (method B)
Average value of lake ice
Freezing slope
Measured
Calculated (at equilibrium)

Core A
18O
2H
(‰)
(‰)
9.9
64
9.5
67
8.9

62
7.6
6.7

Core B
18O
2H
(‰)
(‰)
9.7
66
8.5
59
9.6
67
9.9
68

Core D
18O
2H
(‰)
(‰)
9.9
66
8.7
60

6.3
6.6

6.8
6.6

10

69

The intersection method of Jouzel & Souchez (1982) can be used to reconstruct
isotopic composition of the water before freezing, only if we account for possible
modifications of the freezing slope due to disequilibrium conditions prevailing in the first
stages of freezing. Samples that formed under these conditions can be identified by
checking for the inverse correlation between 2H and deuterium excess (as indicator of
equilibrium fractionation) and if they lack this correlation must be excluded from the
determination of the freezing slope. Next, the freezing slope determined from samples
formed under equilibrium can be intersected with the LMWL and the isotopic
composition of the initial water can be reconstructed. Applying this method to our
samples (Core B, where we had more data), provides estimates of the initial isotopic
composition of lake water (9.6‰ for 18O and 67‰ for 2H, see Fig. 2.3, panel C),
which are in close agreement with the measured values of water before freezing (Table 2,
method B).

6. Conclusions
Ice in Scrioara Ice Cave is formed by the freezing of water accumulated from
late summer through mid-autumn precipitation. The isotopic composition of water before
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freezing reflects that of precipitation from the accumulation period, which in turn is
strongly correlated with the external mean annual air temperature. A modified
intersection method first described by Jouzel & Souchez (1982) can be used to
reconstruct the isotopic composition of water before freezing, which opens the way
towards reconstructing past temperatures outside the cave, using the stable isotopic
composition of water (i.e., precipitation) as proxy for Tair.
As the ice deposit in Scrioara Ice Cave could be older than 3000 years (Pop &
Ciobanu 1950, based on pollen assemblage studies), the analysis of the stable isotopic
composition of ice could reveal past climatic changes from an area where such data are
otherwise missing. Furthermore, as ice caves similar to Scrioara have been described in
many parts of the world, and the difficulties of detecting and accounting for possible
lacunae in cave ice stratigraphy could be overcome (Holmlund et al. 2005; Luetscher et
al. 2007), the results of this investigation could help develop an array of consistent
paleoclimate data from ice caves in temperate regions, otherwise poorly represented in
ice core-based paleoclimatology.
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Chapter 3: Ice genesis and its long-term mass balance and dynamics in
Scrioara Ice Cave, Romania

1. Introduction
Ice caves are a common feature of mid-altitude mountains in Europe, where a
combination of cave morphology and local climate makes the perennial accumulation of
ice possible. They were a rather underestimated subject for scientific research, with only
a few of them (e.g., Dobsinká L’adová Jeski a, Kungur Ice Cave, Sc rioara Ice Cave)
being investigated in more detail. Over the past decade, a series of studies have targeted
ice caves as sources of paleoclimatic information (Citterio et al. 2004a; Fórizs et al.
2004; Kern et al. 2004; Holmlund et al. 2005; Luetscher 2005; Luetscher et al. 2007;
Kern et al. 2009) and hence resurrecting the interest in their study. Although promising,
the paleoclimatic potential of the perennial ice in caves is hampered by the lack of
understanding of the complex systematics of ice genesis, mass balance fluctuations and
age (e.g., Luetscher et al. 2007), as well as the way in which the climatic signal is being
transferred from the exterior to the ice (e.g., Peroiu et al. 2007). Moreover, stratigraphic
gaps detected in the ice could prove to be difficult to date and thus make the
paleoclimatic reconstructions a challenging attempt.
In 2003, an ambitious paleoclimatic research program has been initiated in
Sc rioara Ice Cave (Holmlund et al. 2005) with the intent to reconstruct the climatic and
vegetation history of the area surrounding the cave by analyzing various proxies found in

44

the ice (oxygen and hydrogen stable isotopes, pollen, macrofossils, etc.). The aim of this
paper is to review the processes related to the genesis of ice in Scrioara Ice Cave, as
well as to propose a mechanism for the initiation of ice accumulation and its long term
volume variations and dynamics, as a starting point for further paleoclimatic studies.

2. Site description
Scrioara Ice Cave (700 m long, 105 m deep) is located in the Apuseni
Mountains (Fig. 3.1), a massive, steep-sided mountain range in Central Europe, at 1165
m asl.

Fig. 3.1. Location map, plan view (A) and cross section (B) of Scrioara Ice Cave
(modified from Rusu et al. 1970). The red points mark: A – position of the cores drilled in
2005 and 2009, B – position of SCL1, SCL2 and SCL 3 samples for radiocarbon dating,
C – position of SCL4, SCL5, SCL6, SCL7 and SCL 8 samples for radiocarbon dating. The
red star marks the position of the collapse passage that was linking Scrioara Ice Cave
and Pojarul Poliei Cave (see main text for details).
The cave is carved in thickly bedded Upper-Jurassic limestones (Bucur & Onac
2000), its entrance being located on the western wall of a circular shaft 60 m in diameter
and 47 m deep, the bottom of which is covered by a perennial layer of snow. Beyond the
entrance, the ice block, with a volume of ~100000 m3 and area extent of 3000 m2, forms
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the floor of the Great Hall, its vertical sides delimiting three distinct sectors of the cave:
The Church (“Biserica”), Little Reservation (“Rezervaia Mic”) and Great Reservation
(“Rezervaia Mare”) (Fig. 3.1).
Towards the NW, the horizontal floor ends with a steep slope dipping 8 m toward
the small Church Hall, with an ice covered floor and over 100 perennial ice stalagmites.
The Little Reservation is on the northern side of the Great Hall and can be entered by
descending an ~18-m high vertical cliff, along which the ice stratification is visible. In
the central part of the room, not far from the ice block, a field of ice stalagmites forms.
The entrance to the Great Reservation is located on the southern side of the Great Hall.
Within this part of the cave, the largest rooms are found (20 to 45 m wide and up to 20 m
high). Here the ice forms a steep slope to a depth of 90 m below the surface and 43 m
below the level of the Great Hall. On the horizontal bedrock floor in the central part of
the Great Reservation is another field of ice stalagmites similar to the ones in the Little
Reservation. In both Great and Little Reservations, a variety of calcite speleothemes have
developed in the inner non-glaciated parts of the cave.
The climate of the region is continental temperate, showing a strong influence of
the westerlies. The mean annual temperature near the cave is ~5.2°C; the temperatures
(T) of the coldest month (January), and warmest (July) are around -4ºC, and 15ºC,
respectively.
The prevailingly western circulation of the air in the Apuseni Mountains causes
large precipitation amounts (over 1600 mm per year at Stâna de Vale, some 30 km to the
NW) to fall on their western slopes, whereas on the eastern slopes the annual amounts are
reduced by half (below 850 mm at Bioara, ca. 35 km to the NE). In the area
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surrounding the cave, the mean annual precipitation varies around 1200 mm, with the
highest values in spring and early summer months and the lowest values in October.
The mean duration of the interval when the snow layer is likely to exist is
estimated to be 150-180 days per year. Maximum values of the snow pack depth can
exceed 1 m at the bottom of dolines, and 3-4 m at the bottom of the Scriora Ice Cave’s
entrance shaft.
The climate of Scrioara Ice Cave is a direct consequence of the external
climatic variations and underground ventilation caused by the presence of a single
entrance and mainly descendent passages (Onac et. al 2007). This peculiar morphology
leads to cold air inflow inside the cave during winter months, triggered by the higher
density of the cold external air masses compared to the warmer ones inside, while in
summer, the same density difference prevents the exchange of air masses between the
two environments.
Within the cave, Racovi (1984) distinguished four climatic zones: a transitional
zone in the entrance shaft, a glacial zone comprising the area occupied by the ice block
(Great Hall, The Church), a periglacial zone (Little and Great Reservation), and a warm
climate zone in the non-glaciated parts of the cave (Coman Passage and Sânziana’s
Palace). The spatial repartition of these climatic zones is reflected in the thermal pattern
of the cave: while in Great Hall the mean annual temperature is around –0.9ºC, it
increases to –0.2ºC in the Great Reservation and 4.2ºC in the Coman Passage.
The air temperature has the greatest variations in the glacial meroclimate. During
the periods with cold air inflow in winter (extending from late October to early April), the
temperature closely follows the external climate evolution and may decrease below -15°C.
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During summer, when aerodynamic exchanges with the surface cease, the underground
temperature is independent from external variations, being influenced only by the thermal
inertia of the ice block and the overcooled walls of the cave, rarely increasing above
+0.5°C (Racovi 1994a).
Air circulation is one of the most important factors affecting the mass balance of
the ice in the cave. We can distinguish between two seasonal types of circulation: one
occurring in summer and the other in winter. Between November and April, airflow
triggered by the higher density of external cold air is directed from the surface downward
into the cave. The inflowing cold (Tmin < -15°C) and dry (relative humidity < 75%) air
first reaches the Great Hall, where it descends along the flanks of the ice block into the
Little and Great Reservations, displacing the warmer air, which is pushed out along the
ceilings. Between May and October, no air mass exchange occurs between the cave and
the outside, as the cold air in the cave is denser than the external air. Meanwhile, the
overcooled walls of the cave and ice block account for the persistence of cold air masses
in the Great Hall, while the inner parts of the two Reservations warm slowly under the
influence of geothermal heat and the heat capacity of the rock. Thus, this difference in air
temperature triggers a slow air movement between the Great Hall and the two
Reservations, the airflow following almost the same path as in winter. The difference is
that the rising warm air is progressively cooled as it reaches the walls of the Great Hall
and sinks to the bottom of it, closing the convective cell. In April and October, rapid
changes between summer and winter types of circulation occur as temperature varies
around 0ºC.
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3. Methods
In order to meet the above objectives, the following set of analyses was
performed. Firstly, observations and measurements of ice dynamics and level changes
were carried out between August 2004 and June 2005 and between August 2008 and
January 2009. Additionally, two shallow ice cores were drilled in January 2005 and 2009,
containing ice formed in the previous months only. The cores were cut respectively into
six (core B, 2005) and five (core A, 2009) equal pieces, allowed to melt at room
temperature, and then 18O and 2H were measured on the resulting water (see Peroiu et
al. 2011, for details of the analytical techniques). Ice samples from an ice core extracted
in the Great Hall in 2003 (Holmlund et al. 2005) were also recovered for stable isotope
analysis. Each of these samples consists of a layer of ice and cryogenic calcite (ák et al.
2008) at its base, and thus are taught to have formed in one year. The results of the stable
isotope analyses are reported in ‰ versus SMOW, the analytical precision (2) being
better than 0.2 ‰ and 1.0 ‰ for oxygen and hydrogen, respectively.
Eight samples of organic matter (Picea abies branches) were collected in August
2006 from the ~18-m high exposed wall in the Little Reservation, and radiocarbon
analyzes were performed in the Gliwice Radiocarbon Laboratory, using the Liquid
Scintillation Counting method on a Quantullus 1220 spectrometer (Pazdur et al. 2003).
Calibration of the raw data was performed using the OxCal 4.1 software and the
INTCAL09 dataset of Reimer et al. (2009).
For the short-term level fluctuations assessment, the following measurements
from the Great Hall were used: 1) our own measurements performed between October
2000 and July 2010; 2) the monthly (between April 1982 and December 1992)
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measurements of Racovi (1994b), and 3) older ice level data collected since December
1947 and reported by Racovi & Onac (2000) and Racovi (1994b). The distance
between the ice surface and the overhanging rock wall was measured, the data thus
reflecting the summed mass loss and gain at both the upper and lower parts of the block.
In order to distinguish between the two, a secondary data set was obtained, by measuring
the ice level changes against the 1982 level on a 50 cm-long line, which was inserted into
the ice in April 1982. By subtracting the two data sets, it was also possible to calculate a
second order parameter, i.e., the rate of melting at the sole of the ice block (Peroiu
2005). Ice flow was assessed by monitoring the movement of a marker inserted in the
upper face of the ice block against the rock wall in the Great Hall.

4. Results and discussions
The results of ice level measurements, presented in Fig. 3.2, show a strong ice
loss between 1947 and 1980, followed by a period of relative stability with ice build-up
in the mid-80s and in 2006 and 2010. Melting at the base of the ice block was determined
for the 1982-1992 observational period, being relatively constant, at a rate of about 1.5
cm/year (Peroiu 2005).
The results of the radiocarbon dating are shown in Table 3.1. The upper 9 m of
the ice block, as well as the lowermost one (ca. 10 m below the lowermost dated horizon)
was not dated, due to lack of organic matter in the ice. Three samples were collected in
the eastern side of the ice wall, and the remaining five in the central and western part of it
(Fig. 3.3). All radiocarbon ages are in correct stratigraphic order, except for samples SCL
4 and SCL 8. Sample SCL 8 was collected from a disturbed section of the wall, where the
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ice folds due to differential flow velocities which cause overturning of the ice layers (see
below) and was excluded from the depth-age model. Samples SCL1, SCL 2 and SCL3
were also excluded from the depth-age model as they are very closely spaced in time and
partially overlap, and also because the thickness of ice layers is not similar in the eastern
and western sides of the block and hence an exact stratigraphic correlation between the
two sequences could not be made. The radiocarbon age-depth model is based on linear
interpolation between the midpoints (minim of 60% at 1 or 2 calibrated ranges; Fig.
3.4).

Fig. 3.2. Short-term ice level fluctuations in Scrioara Ice Cave (1947-2010, modified
from Racovi, 1994b) against the air temperature and precipitation amount recorded at
Bioara Meteorological Station (1961-2003).
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Table 3.1. Results of the radiocarbon analysis of samples collected from
Scrioara Ice Cave.
Sample
name

Depth
below
surface
(cm)

Age 14C

Gd-12924

901

495 ± 45*

AD 1405 – 1450 (68.2%) 1
AD 1388– 1471 (84.0%) 2
AD 1316 – 1355 (11.4%) 2

Not used

Gd-15990

1005.5

265± 65

AD 1512 – 1601 (32.6%) 1
AD 1453 – 1692 (72.2%) 2
AD 1728 – 1811 (17.45) 2

AD 1600

Gd-12922

1125.5

330 ± 50

Gd-15988

1571

820 ± 70

AD 1156 – 1276 (68.2%) 1
AD 1040– 1285 (95.4%) 2

AD 1216

Gd-16416

1682.4

810 ± 130

AD 1147 – 1288 (48.6%) 1
AD 1045 – 1097 (13.9%) 1
AD 985 – 1407 (95.4%) 2

AD 1196

Lab. No.

Western
side
SCL 8

SCL 7

SCL 6

SCL 5

SCL 4

Eastern
side
SCL 3

Gd-12918

GdS-458

1262.4

1345.4

800 ± 50

890 ± 45

SCL 1

GdS-459
SCL 2

1467.4

1000 ± 50

Calibrated age range (AD) at both
1 and 2

AD 1494 – 1532 (20.2%) 1
AD 1537 – 1602 (36.35) 1
AD 1454 – 1649 (95.4%) 2

AD 1207 – 1275 (64.2%) 1
AD 1153 – 1287 (93.0%) 2
AD 1048 – 1087 (22.7%) 1
AD 1150 – 1212 (37.1%) 1
AD 1027 – 1225 (95.4%) 2
AD 986 – 1048 (43.6%) 1
AD 1087 – 1123 (18.8%) 1
AD 1138 – 1150 (5.8%) 1
AD 952 – 1162 (92.4%) 2

Date
used

AD 1565

Not used

Not used

Not used

The stable isotope values of ice of the short ice cores drilled in the upper face of
the ice block, as well as those from the deeper part of the ice block, are shown Fig. 3.5. A
clear trend of isotopic depletion with depth is displayed for both cores, due to isotopic
fractionation processes in the forming ice (Jouzel & Souchez 1984; Peroiu et al. 2011).
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Fig. 3.3. The exposed wall of the ice block as seen from the Little Reservation, with the
position of radiocarbon ages shown.

4.1. The mechanism of ice formation
Most of the previous work in Sc rioara Ice Cave (Racovi
1948; Racovi

1927; erban et al.

& Onac 2000), as well as other places (Luetscher 2004) explained the

formation of ice as a polygenetic processes, where both freezing of ice and diagenesis of
snow interplay to form a new layer of ice each year. The snow that accumulates at the
bottom of the entrance shaft to Sc rioara Ice Cave is only 1-3 m thick, not enough to
allow compaction under its own weight to form ice. Moreover, the reduced thickness of
the snow pack allows percolating water (from melting snow and summer rains) to reach
the bottom of it quickly, without freezing to further form ice. The freezing of water inside
the snow pack is also prevented by the relatively high (between 0 and 0.5°C) air and
snow temperatures (Racovi

1994a). Most of the snow at the bottom of the shaft melts

and drains away through fissures in the underlying limestone, with only occasional
inflow towards the ice block.
Observations over the past 10 years have shown that the ice block is built up by in
situ freezing of water. This is a multi-stage processes, with two types of ice (Peroiu et al.
2011) being formed during the accumulation season, lasting between mid-September
(earliest) and early-June (latest).
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Fig. 3.4. Depth-age model of the exposed ice wall in Little Reservation, Scrioara Cave.

In mid-autumn, under the influence of cold air sinking inside the cave, a shallow
lake that accumulates during the melting season starts to freeze from top to bottom, to
form layer of ice approximately 10-15 cm thick. On top of this layer of so-called “lake
ice”, thinner layers of ice (termed “floor ice”) could form during the winter, when
occasional warmer and wetter weather leads to water infiltration inside the cave (through
the highly fractured and bedded rock ceiling directly above the ice block) and its
subsequent freezing in the colder environment. Thus, at the end of the accumulation
period, the newly formed layer of ice is composed of two entities: lake ice at the bottom,
formed in mid-autumn, and floor ice on top, formed in warmer winter periods. Beginning
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with mid-April, melting begins, driven by the infiltration of warm precipitation waters
(Peroiu 2004) that lead to a rapid ablation of the upper face of the block. By midsummer, most of the floor ice is melted and the resulting water drained away through a
narrow channel carved in the ice. Reduction of precipitation amount in the summer
months (Oreanu & Varga 2003) stops the melting, and the drainage channel quickly
fills up with ice: thus, proper conditions develop for the accumulation of a new lake,
which will freeze in the next autumn.
This model of ice genesis is further supported by stable isotope data (Fig. 3.5).

Fig. 3.5. 18O (blue line and left axis) and 2H (red line and right axis) profiles in ice
cores (A drilled in 2009, B drilled in 2005, C is ice from the LIA and D is ice from the
MWP) drilled on top of the ice block in Scrioara Ice Cave.

The two ice cores were extracted at the end of the lake ice formation phase, and
the 18O and 2H data show an evident decreasing trend from top to bottom. This trend
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could only be explained by the formation of ice through a downward freezing process in
which the heavy isotopes of O and H are preferentially incorporated in the ice, leaving
the remaining water strongly depleted (Jouzel & Souchez 1982; Souchez & Jouzel 1984,
and firstly described for cave ice by Citterio et al. 2004b). A similar trend of 18O- and 2Hdepletion has been found in ice layers that were dated to 740 and 289 cal BP (Per oiu et
al. 2010), hence showing that ice formed in a similar way both during the Medieval
Warm Period (MWP) and the subsequent Little Ice Age (LIA). Moreover, stable isotope
analysis (ák et al. 2008) of cryogenic cave calcite (CCC) found at the bottom of the
cores revealed extremely high values of

13

C (up to +12‰PDB), typical for calcite

formed during fast freezing of water (ák et al. 2004; ák et al. 2008). Degassing of CO2
during freezing is also responsible for the formation of bubbles within the lake ice, as
they are trapped under the first layer of ice to form on top of the lake’s water; as opposite
to floor ice, where degassing CO2 freely escapes to the cave’s atmosphere. Similar values
(up to +9‰PDB) were found in CCC from ice layers formed during the MWP and LIA,
further supporting the genesis of ice by the freezing of water also under different climatic
conditions.
However, both during the LIA and MWP ice must have formed also as floor ice
(not only lake ice), and melting must have led to loss of both ice types, so it would be
difficult to assess the contribution of the two types of ice to the built-up of the ice block.

4.2. Ice mass balance fluctuations and dynamics
On an annual cycle the level fluctuations of the upper face of the ice block show a
cyclic behavior, with a maximum in late spring and a minimum in late summer (Racovi
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et al. 1987; Racovi 1994b). Longer-term fluctuations are superimposed on this annual
cycle under the influence of external temperature and precipitation amount, with the
warmer but drier summers (e.g., 2006 and 2010) and warmer but wetter winters (e.g.,
2005-2006 and 2009-2010) leading to less melting and more ice accumulation (Fig. 3.2).
The wet summers of 2005 and 2009 led to a rapid ablation of the ice, while the colder and
drier winters between 2001 and 2003 did not allow for much floor ice build-up. This
pattern follows that of the past ca. 60 years (Fig. 3.2), with periods of ice build-up
corresponding to drier summers and generally colder years, and periods of ablation
associated with wetter and/or warmer years (Racovi 1994b).
The accumulation of the perennial ice block in Scrioara Ice Cave must have
started after the collapse of the passage in the Great Reservation (see Fig. 3.1) that was
linking the cave with Pojarul Poliei Cave, passage that was allowing free circulation of
air through the cave and thus preventing its cooling. Seasonal ice could have been formed
before this collapse, but it was possibly melting away in the summer season under the
influence of air circulation, as seen in nearby caves with two entrances situated at
different altitudes (as Scrioara Ice Cave must have been at that time). Ice could have
started to accumulate during the last glacial, as Onac & Lauritzen (1996) have shown that
dripping water was available inside the cave some 55 kyrs ago (based on U/Th dating of
stalagmites from the cave), but the survival of such old ice is improbable, as basal
melting is high enough (see above) and the ice must have melted away.
We consider that the inception and accumulation of ice in the cave must have
followed the scheme in Fig. 3.6, with considerable fluctuations between the main stages,
under both external (climatic) and internal (ice flow) controllers.
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Fig. 3.6. A conceptual model of the genesis and long-term volume fluctuations of the ice
block in Scrioara Ice Cave (see main text for details). Arrows indicate the direction of
cold air inflow.

The first (semi) perennial ice that accumulated inside the cave (Fig. 3.6a) changed
the cave’s own climate, its melting over the summer consuming all the heat delivered to
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the cave by conduction (through the air column in the entrance shaft and the rock walls)
and dripping water, as well as by the geothermal heat, thus maintaining the temperatures
at 0°C. Two possible sites are good candidates for the inception of the ice: the upper part
of the debris cone underneath the entrance shaft and in the Great Hall and the two
lowermost sections of the cave (Fig. 3.6). We do not think that a lake could have
developed on top of the debris cone in the Great Hall, but, nevertheless, ice was
developing as dripping water was freezing to form ice speleothemes and a thin layer of
floor ice (an ubiquitous process observed in the cave over the past 60 years). In the
deeper parts of the cave a similar processes must have acted (as it does today); and,
additionally, water could have pooled on the rock floor and freeze to further form ice. A
positive feed-back loop was established inside the cave, and ice started to grow rapidly,
the ever increasing (in steps) ice volume (Fig. 3.6b) helping to keep the temperature at
0°C for longer time. erban et al. (1948) suggested that ice at one time filled the cave
completely, leaving the innermost sections of it out of the reach of inflowing cold air.
These authors have proposed that melting started in the isolated parts of the cave, leading
to the retreat of the ice from the walls and the subsequent formation of the ice cliffs
towards the Little and Great Reservation (Fig. 3.6c). Thus, the ice block must have
evolved into the shape of a pyramid, with a flat surface (formed by the freezing of lake
water) and vertical (or inclined) lateral walls (formed by the retreat due to melting).
Visitors to the cave in the 19th century (Schmidl 1863) noticed the horizontal surface and
the opening towards the Great Reservation only; that towards the Little Reservation being
sealed off by ice coming in contact with the rock wall. Following the warming after the
end of the LIA (Popa & Kern 2009), the ice started to recede (both from below and from
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top downwards, Fig. 3.6c) so that by 1947, the opening towards the Little Reservation
was visible (erban et al. 1948). An exceptionally fast melting occurred between 1947
and 1963 (Fig. 3.2), when the upper face of the block lowered by ca. 75 cm, possibly due
to the opening of the entrance towards the Little Reservation (Fig. 3.6d), which led to
rapid loss of water that otherwise would have frozen and built up as ice.
The accumulation of ice was not continuous, nor was the ice block stable. The
layering of the ice block (Fig. 3.3) is an indicator of the lateral flow of the ice towards the
walls. The fold visible in Fig. 3.3b must have formed as ice was flowing to fill in the
empty space remaining as it was retreating from the walls. Observations over the past 60
years have shown that melting starts at the triple junction between the rock wall, rock
floor and ice wall (Fig. 3.6c), where the amount of heat delivered to the ice block is
maximized, so that the an opening is created at the base of the ice wall while its upper
part is still in contact with the rock wall. Monitoring over the past 10 years has shown
that the ice is flowing with a velocity of about 3 cm/year from east to west, towards the
direction of the fold. Two conspicuous layers of organic matter are visible at the two ends
of the exposed wall, the middle of it being covered by ice formed after the opening of the
entrance at the upper face of the ice block (Fig. 3.6d). Both layers were formed in the
middle to late MWP. erban et al. (1948) and Pop & Ciobanu (1950) have suggested that
these layers have formed as enhanced melting led to the merging of a series of annual
layers. Alternatively, these layers could have also formed as result of strong in wash of
material from the outside following heavy individual rains. The accumulation rate during
the MWP, calculated based on the SCL1, SCL2 and SCL 3 radiocarbon ages was
between 0.9 and 1.6 cm/yr, similar to the modern rate (1.3 cm/yr, based on data from

60

1982 to 2010). Following the end of the MWP and during the LIA, the accumulation rate
remained unchanged, as the possible lower accumulation during the colder winters (less
water available) was being compensated by less melting in the colder summers. This
constancy of the accumulation rate during different climatic conditions is due to the
complex interplay between the climatic factors that control the level (and mass balance)
fluctuations of ice, i.e., wet vs. dry summers and/or winters and cold vs. warm summers
and/or winters. As seen above, a cold but dry winter will lead to less ice accumulation as
a warmer, but wetter one, while a warm but dry summer will lead to less melting than a
cold, but wet one. As a consequence, the possibility of extracting a good climatic signal
from the various proxies in the ice (stable isotopes, pollen) is very promising, provided
that more dating is performed.
Melting at the base and sides of the ice block led to lateral flow of the ice in the
middle and lower sections of the block, while the presence of the rock wall prevented
flow in the upper part, hence leading to the development of a fold. Based on radiocarbon
dating on this section, ice thickness measurements and geothermal flux values (normal
for the area, as suggested by Demetrescu & Andreescu 1994), Holmlund et al. (2005)
give an age of about 2000 years for the onset of the folding. The presence of the fold, as
well as present day measurements of ice level fluctuations (see above), show that basal
melting does occur at the base of the ice block. However, the inclined layers of ice visible
on the side of the ice block, as well as the stratigraphy of an ice core extracted from the
middle of it (Holmlund et al. 2005), suggests that this melting is not uniform, and that it
is acting only at the sides of the ice block, where geothermal heat is delivered to both sole
and the sides of the block. Moreover, ice temperature measurements at the base of the
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bore hole drilled in 2003, both at the time of drilling and the years after, show that
temperature was constantly below -2°C, hence preventing melting at this point.
Consequently, we suggest that basal melting occurs only near the sides of the ice block,
thus leading to a slow lateral flow and subsequent thinning of the layers in the middle
area. It could possibly be that ice at the base of the block in its middle part could be
much older than on its side, reaching back in time towards the mid to early Holocene.

5. Conclusions
Ice-forming processes, long-term dynamics and mass balance changes of ice in
Scrioara Ice Cave have been investigated. Results from this investigation show that the
ice in the cave forms by the freezing of water in a two-stage process, one in mid-autumn
(lake ice is formed) and one lasting from early winter to late spring (floor ice is formed);
while summer melting leads to ice loss, mostly of the floor ice. The ice block was formed
by the successive growth of lake and floor ice layers, these processes acting in a similar
way during (at least) the past 1000 years; but their relative contribution to the build up of
the ice block being unknown. The ice block is at least 1000 years old (the deepest part of
it was not yet dated), but Pop & Ciobanu (1950) suggest an age of ca. 3000 years for the
base of it, based on pollen assemblage data. The relatively similar accumulation rates
during the MWP and LIA are a consequence of the complex interplay between ice gain
and loss, with periods of low (high) accumulation being compensated by periods of
similarly low (high) ablation. Periods of exceptional melt might have led to the
destruction of the annual layering of the ice block (as it happened in the 20th century),
thus making the extraction and interpretation of any paleoclimatic information
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problematic. A combination of careful visual detection of hiatuses and radiocarbon dating
above and below them (possible due to the high content in organic matter within the ice,
see Fig. 3.3) might solve this problem. Stable isotopes in ice were shown to be a
promising candidate for past air temperature reconstructions (Peroiu et al. 2011), and
thus good promises exist that ice in caves (at least in this particular case) could be used to
reconstruct past climatic changes.
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Chapter 4: Evaluating the palaeoecological potential of pollen recovered from ice in
caves: a case study from Scrioara Ice Cave, Romania

1. Introduction
Caves are natural traps for sediments and unique repositories for various forms of
palaeoclimatic and palaeoenvironmental information, as their deposits are protected from
destructive processes acting on the surface (Ford & Williams 2007). Because karst is
regionally widespread, the environmental data extracted from it can be used to test various
space- and time-dependent climatic models.
Chemical (e.g., stalagmites, flowstones), clastic (gravitational debris, organic and
glacial in-wash, guano etc), and organic (mainly guano) cave deposits containing biotic
remains (mainly pollen, plant macro-remains, and bones) have gained over the past three
decades recognition as hydrological and palaeoclimatic archives (White 2007). Extensive
work on the potential of pollen in chemical, clastic, and organic cave sediments has been
performed in Belgium (Bastin 1978; Bastin et al. 1986), Spain (Carrión 1992; Carrión et al.
1999, 2006; Navarro et al. 2000, 2001), UK (Coles et al. 1989; McGarry & Caseldine
2004), Romania (Pop & Ciobanu 1950; Bocaiu & Lupa 1967a, b), Switzerland (Groner
2004), United States (Sears & Roosma 1961; Davis 1990; Maher 2006), Austria (Kral 1968;
Draxler 1972), and Asia (Hunt & Rushworth 2005). The results demonstrate that although
not perfect due to complex depositional settings, low pollen concentration, and large
amounts of damaged grains, cave sediments can potentially be a reliable proxy for past
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environmental reconstructions. In fact, the advantage of using cave sediments is that cave
pollen assemblages contain higher proportions of entomophilous taxa, which are normally
strongly underrepresented in most surface environments, therefore equilibrating the
entomophilous/anemophilous taxa ratio (Navarro et al. 2001). Recently, caves located at
high-altitude and/or mid-latitude (e.g., the Alps, Carpathians) and containing perennial ice
deposits have gained recognition to be unique palaeoclimatic and archives (Holmlund et al.
2005, Luetscher 2005; Laursen 2010). However, unlike polar (Bourgeois et al. 2000, 2001)
and mountain (Reese & Liu 2005) glaciers from where some pollen studies are available, a
palaeoecological examination of perennial ice in caves is rare. Nevertheless, an attempt to
verify whether the ice exposure from Scrioara Ice Cave’s Little Reservation contains
pollen was made by Pop & Ciobanu (1950). They generated the first pollen diagrams,
which shows a forest phase dominated by conifer species (Picea and Abies) and abundant
Corylus at the beginning of the profile, followed by the dominance of Fagus with large
proportions of other deciduous tree species, including Carpinus, Quercus, Tilia, and
finally a re-expansion of Picea in the upper part of the profile. In the absence of absolute
ages, Pop & Ciobanu (1950) concluded, solely based on the pollen assemblage, that the
ice block formed ca. 3000 years ago when the climate conditions were cooler and
moister, and therefore holding a great potential for past vegetation reconstruction. It was
only in 1993 that Fanuel reported the first radiocarbon date of 1110±70 BP on a wood
sample collected from the same exposure in the Little Reservation.
The present work is part of an ongoing multi-disciplinary project in the Scrioara
Ice Cave aiming to document at high resolution, the palaeoenvironmental and
palaeoclimatic variability in the area during the Holocene. Here we report results from
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pollen, micro-, macro-charcoal, plant macrofossil, and 14C radiocarbon measurements on
samples collected from the ice wall in the Little Reservation (Fig. 4.1). These results are
used to determine the potential of biotic remains trapped in the perennial ice block for
past environmental and climatic reconstructions. Previously published high-resolution
pollen and charcoal records from the peat deposits near the cave (Feurdean and Willis,
2008 a, b; Feurdean et al. 2009) allow a comparison of the data sets (i.e., from the cave
and surface), in order to evaluate the quality of the palaeoecological and palaeoclimatic
signal extracted from the ice.

2. Study area
Scrioara Ice Cave (1165 m asl), is located in Apuseni Mountains (Romania), in
a continental temperate region under the influence of the westerlies (Fig. 4.1). The mean
annual temperature of the region is ca. 5.2°C, with the temperature of the coldest month
(January) ca. –4ºC, and of the warmest (July) ca. 15ºC (Oreanu & Varga 2003; Peroiu
et al. 2011). The annual precipitation value is 1200 mm, with the highest values
occurring in May and June, and the lowest in October. The snow cover lasts between 150
and 180 days per year. Picea abies forest with scattered Fagus sylvatica and Abies alba
trees dominate the present-day vegetation in the area surrounding the cave (Kern & Popa
2007). In the upper part of the cave shaft and on its vertical walls, ferns and mosses are
abundant, and individual Alnus and Betula trees occur.
The entrance of the cave (arch-shaped, 24 m in height and 17 m in width) is
located on the western wall of the circular shaft (60 m in diameter and 47 m in depth)
with a perennial layer of snow at the bottom (Fig. 4.1; Rusu et al. 1970). The cave hosts
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an ice block of ca. 100,000 m3, which forms the floor of the Great Hall. The sides of the
ice block are sloping down towards three rooms: The Church, Little Reservation, and
Great Reservation (Fig. 4.1). The ice block is formed by freezing of seepage water and
subsequent accumulation of ice layers. Freezing usually takes place between mid-autumn
and late-spring, when the cold and denser outside air sinks in and cools the cave
(Racovi

1994a). In autumn, the lake formed on top of the ice block from dripping and

in-wash water (that carries organic matter and surface sediments) freezes to form an
annual couplet consisting of ice on top (5-20 cm thick) and sediments at bottom (i.e.,
dust, pollen, organic material, plant macro-remains, cryogenic calcite, etc.). On top of
this lake ice, a thin layer of ice also forms in winter and early spring, but it usually melts
away in the next summer, so that the ice block consists mostly of lake ice (incorporating
sediments) formed in the autumn. In winter, the air temperatures inside the cave mirrors
those at surface, whereas during summer time, the air temperature inside the cave is
independent from the external one, being constant at 0°C (Racovi 1994b). Infiltration of
warmer water and heat transfer through conduction in summer cause the melting of the
upper ice layers. Thus, the thickness of ice layers in Sc rioara Ice Cave is an indicator of
the intensity of ice melting and accumulation, in strong correlation with the climatic
conditions. For instance, a combination of wet and warm summers with dry and cold
winters results in intense melting or low ice accumulation rate, as opposed to dry
summers and wet winters, which lead to less melting or higher ice accumulation rates.
However, the ice accumulation was not continuous over the past ca. 1000 years. High
melting rates lead to the loss of some of the annual layers of ice (erban et al. 1967;
Peroiu & Pazdur 2011).
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Fig. 4.1. Map showing the location of the Apuseni Mountains (a), cross section of the
Scrioara Ice Cave (b. modified from Rusu et al. 1970), photo of ice layers from the
exposed ice wall in the Little Reservation (c, d, e). The red dot indicates the position of
the pollen profile whereas the numbers in red represent the position and number of the
samples used for the radiocarbon dating.

3. Materials and Methods
3.1. Pollen, non-palynomorphs, micro-, macro-charcoal and plant macrofossil remains
Twenty-two samples of ice were cut with an ax at 50-cm interval from the
western side of the exposed ice wall in the Little Reservation (Fig. 4.1b, c). Ice was
melted and the resulting water samples (700 ml each) were repeatedly centrifuged in
order to remove water. The remaining sediment was used for pollen, charcoal, and plant
macrofossil analyses. Pollen (proxy for past change in vegetation and human impact) was
extracted following a slightly modify protocol of Bennett & Willis (2001). This includes
repeated treatments of the carbonate-rich samples (to remove the carbonates), first with
cold HCl, and then with hot HCl (in water bath), until effervesce ceased. Samples were
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then placed in NaOH to remove acids and sieved through 150 m sieve to retain macrocharcoal and other macro remains. To remove silica and silicates, samples were placed in
hot HF for one hour, whereas to digest macrofossils and cellulose, samples were treated
with acetolytic reagent. Small, microscopic charcoal particles (between 10 m and 150
m) generally considered to indicate regional-scale fire history (Whitlock & Larson
2001), were ascertained on the same slides used for pollen analysis during pollen
counting. Additionally, other non-pollen palynomorphes, mainly coprophilus fungi
(Sordariaceae and Coniocheata), were also tallied during routine pollen counting. They
can give, in conjunction with pollen, information on grazing by domestic animals or by
wild herbivores (van Geel et al. 2003; Ekblom & Gillson 2010). All terrestrial pollen
types counted were converted into percentages of their total sum. Percentage values of
taxa outside the total sum (aquatic pollen types, spores, and micro-charcoal) were
calculated as a proportion of their own sum added to the terrestrial pollen sum.
Macroscopic charcoal and all recognizable plant macro-remains (proxy for local floristic
composition) were identified under a stereozoom microscope and are expressed as
concentrations (number of particles/volume). Macroscopic charcoal particles are
deposited closer to the source and therefore are indicative for local-scale fire history
(Whitlock & Larson 2001).
Pollen diversity was estimated in two ways: i) by summing the pollen types of
certain groups of plants (i.e., trees, shrubs, herbs or plants with zoophilous and
anemophlious pollination), and ii) statistically, throughout rarefaction analysis (Birks &
Line 1992; Bennett 2003). The advantage of rarefaction analysis is that it reduces bias in
richness caused by different pollen count sizes (Birks & Line 1992). All terrestrial pollen
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and spores were included in rarefaction analysis, and the lowest pollen count (T70) was
used. A single sample (1500 cm below surface), was however, excluded from the analysis
as it has exceptionally low pollen counts (T26).

3.2. Chronology
The chronology of ice exposure in the Little Reservation is based on eight
conventional radiocarbon measurements performed at the Gliwice Radiocarbon
Laboratory (Table 4.1; Fig. 4.1d, e). All measurements were done on spruce (Picea abies)
branches (Peroiu & Pazdur 2011). Radiocarbon dates were calibrated using OxCal 4.1
and the INTCAL09 dataset of Reimer et al. (2009).

4. Results
4.1. Ice stratigraphy and chronology
The ice exposure from the Little Reservation consists of a sequence of alternating
layers, each of different thickness and composition. The layers become thicker and
contain higher amounts of organic remains toward the top of the ice profile (Fig. 4.1c-e).
A simplified stratigraphic description of the sampled profile is provided in Fig. 4.2. The
basal part (between 1813 and 1307 cm below the top of the ice block) is composed of
thin layers of ice and powdery calcite without visible macroscopic organic material
embedded, followed by layers with ice, calcite, and less organic detritus content (between
1307 and 1186 cm), and finally, by ice with thick layers of sediments, including large
amounts of organic debris, visible plant macrofossil remains, branches and pieces of
wood (1186 to 850 cm; less abundant between 850 and 731 cm; Fig. 4.1c-e). Although
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continuous across the wall, the layer’s thickness varies from thinner in the middle section
of the ice exposure to significantly thicker toward the sides Fig. 4.1d), where the samples
were collected. The ice layers in the upper 700 cm of the block are partly folded and were
therefore not sampled (Fig. 4.1d, e).
Table 4.1. Results of the radiocarbon analysis from Scrioara Ice Cave.
Sample
name

Western
side
SCL 8

Depth
below
surface
(cm)

Age 14C

Gd-12924

901

495 ± 45*

AD 1405 – 1450 (68.2%) 1
AD 1388– 1471 (84.0%) 2
AD 1316 – 1355 (11.4%) 2

Not used

Gd-15990

1005.5

265± 65

AD 1512 – 1601 (32.6%) 1
AD 1453 – 1692 (72.2%) 2
AD 1728 – 1811 (17.45) 2

AD 1600

Gd-12922

1125.5

330 ± 50

Gd-15988

1571

820 ± 70

AD 1156 – 1276 (68.2%) 1
AD 1040– 1285 (95.4%) 2

AD 1216

Gd-16416

1682.4

810 ± 130

AD 1147 – 1288 (48.6%) 1
AD 1045 – 1097 (13.9%) 1
AD 985 AD – 1407 AD (95.4%) 2

AD 1196

Lab. No.

SCL 7

SCL 6

SCL 5

SCL 4

Eastern
side
SCL 3

Gd-12918

GdS-458

1262.4

1345.4

800 ± 50

890 ± 45

SCL 1

GdS-459
SCL 2

1467.4

1000 ± 50

Calibrated age range (AD) at both
1 and 2

AD 1494 – 1532 (20.2%) 1
AD 1537 – 1602 (36.35) 1
AD 1454 – 1649 (95.4%) 2

AD 1207 – 1275 (64.2%) 1
AD 1153 – 1287 (93.0%) 2
AD 1048 – 1087 (22.7%) 1
AD 1150 – 1212 (37.1%) 1
AD 1027 – 1225 (95.4%) 2
AD 986 – 1048 (43.6%) 1
AD 1087 – 1123 (18.8%) 1
AD 1138 – 1150 (5.8%) 1
AD 952 – 1162 (92.4%) 2

Date
used

AD 1565

Not used

Not used

Not used
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Fig. 4.2. Simplified stratigraphic description and the age-depth model of the western side
of the ice wall in the Little Reservation, Scrioara Ice Cave. Calibrated radiocarbon
dates (black squares and error bars) and suggested age-depth (grey diamonds and
curve). Interrupted line shows the ages obtained by extrapolation.

Five samples for radiocarbon measurements were taken from the western side of
the ice wall in the Little Reservation (samples SCL 4, 5, 6, 7, 8); and three more from the
eastern side of the same ice exposure (samples SCL 1, 2, 3, all in stratigraphic order).
Due to later ice flow and basal melting, the thickness of layers is uneven (Peroiu &
Pazdur 2011), and therefore, the depth from which organic matter for dating was
collected is different from one sampling site to the other. Thus, we decided to use only
the radiocarbon dates from the western end of the ice cliff, the side from where the pollen
samples were also retrieved. Results from the radiocarbon measurements reveal that
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radiocarbon samples SCL 4 and SCL 8 are in reverse order. The SCL 8 sample was
collected close to a point where the ice layers are folded as a consequence of their plastic
flow against the limestone bedrock. Here the folds become almost overturned causing
repetition of the ice-layers and mixture of old and young organic material (Fig. 4.1e). For
this reason, sample SCL 8 was excluded from the age-depth model, but sample SCL 4
was retained.
According with the ice genesis model proposed by Peroiu & Pazdur (2011), the
ice block in Scrioara Ice Cave shows a complex dynamic with a slow sideward
movement toward the open spaces of the cave and with melting occurring at the base and
margins of the block. These processes cause the ice block to resemble a low amplitude
dome. The radiocarbon age-depth model is based on linear interpolation between the
midpoints (minim of 60% of the probability distribution at 1 or 2 calibrated ranges;
Fig. 4.2). Given the complex dynamics of the ice block, the age of the upper and lower
pollen sequence was tentatively estimated by extrapolation.

4.2. Pollen, micro- and macro-charcoal, non-palynomorphs, and plant macro-remains
Except for two of the samples containing just a few pollen grains (not included in
the diagram), the counts for the remaining 20 pollen samples ranged between 26 and 556
grains/level (mostly above 250 grains). Although we have not calculated the pollen
concentrations, we found that samples extracted from calcite-rich and organic-poor layers
(1813-1307 cm), and layers with mixed calcite and organic detritus (1307-1186 cm) are
richer in pollen than the layers with very high content of organic debris, macrofossils, and
wood (1186-850 cm). This apparent association between pollen abundance and layers
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content suggests that fluctuations in the pollen concentration is not necessary related to
changes in vegetation density but instead correlates with when and how the deposition
took place (i.e., number of years included in each sampled layer and the intensity of
surface sediment wash-in). In turn, this may reflect the climate conditions at the time of
ice layer formation. Results from pollen and ice genesis and dynamics observations
suggest that the impurity-poor layers are likely to contain a smaller number of years,
whilst deposition of organic and macro-remains-rich layers may contain a higher number
of years, a result of repeated melting. However, accumulation of large amounts of organic
material (needles, unidentified leave fragments, charcoal, wood) in the ice layers between
1186 and 850 cm, clearly indicates periods of high precipitation and run-off when such
materials were rapidly washed inside the cave, rather than concentration by repeated
melting and refreezing as suggested by erban et al. (1948) and by Pop & Ciobanu
(1950). Support for increased run-off in this section of the sequence emerges from the
increased ice accumulation rate as indicated by the
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C dates and associated age-depth

model (Table 4.1 and Fig. 4.2).
There is exceptionally good preservation of plant macrofossils material, but the
diversity of the macrofossil assemblages is low and mainly represented by needles of
Picea abies, Abies alba, and leaf fragments of Fagus sylvatica (Fig. 4.3). Abundant
occurrence of unidentified deciduous leaf fragments, wood of both, coniferous and
deciduous taxa, macro-charcoal particles, and of Cenococcum geophilum fungi sclerotia
between AD 1475 and 1750 (Fig. 4.3) is suggestive of an active input of organic material
into the cave.
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Fig. 4.3. Combined pollen percentages diagram of all tree, shrubs, herbaceous plants,
and ferns (curves) with macrofossil remains (bars) express as total number for 700 ml
sample. For macro-charcoal and wood remains, a semi-quantitative scale is used. White
pollen curves represent 10x exaggeration.
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Micro-charcoal particles show a continuous presence over the whole record, but
their values are higher at around AD 1000, and between AD 1600 and 1750 (Figs. 4.2
and 4.3). The rise over the second period is coincident with greater macro-charcoal input.
Results from pollen analysis show that the total tree pollen sum is high (ca. 95%)
through most of the profile (excepting the level at 1500 cm) indicating the dominance of
forest ecosystem near the cave during the whole investigated period i.e., the last 1000
years (Fig. 4.3). The pollen record indicates high pollen percentages for Picea abies (and
rather high for Abies alba and Alnus) between ca. AD 1000 and 1200 and for Fagus
sylvatica between AD 1200 and 1550 (Fig. 4.3). A significant proportion of Carpinus
betulus, Quercus, Corylus avellana, Ulmus, Tilia, and Fraxinus excelsior is also
observed. From about AD 1550 onwards, pollen percentages for Picea abies increase,
coincident with declining values for Fagus sylvatica and for three other species, most
notably of the warm demanding Carpinus betulus, Quercus, Corylus avellana, Ulmus,
Tilia, and Fraxinus excelsior (Fig. 4.3). There is also an abundant but intermittent
occurrence of Picea abies, Abies alba, and Fagus sylvatica macrofossils, which confirm
their local presence (Fig. 4.3). It is, however, difficult from the present macrofossil record
to estimate the past variability in the population sizes of these species.
In contrast, pollen of non-arboreal taxa (NAP), including those representatives of
pastures and ruderal places (Chenopodiaceae, Poaceae, Asteraceae Tubuliflorae,
Asteraceae Liguliflorae, Artemisia, Plantago lanceolata, Rumex, Centaurea, Urtica) and
crops (Secale cereale), is generally poorly represented (Figs. 4.3, 4.4 and 4.5a). Their
proportion is, however, slightly higher between ca. AD 1000 AD and 1400, and AD 1700
and 1850 (Figs. 4.3 and 4.4). The occurrence of NAP is positively associated with that of
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spores of coprophilous fungi such as Sordariacea and Coniochaeta type (Figs. 4.3 and
4.4). There is also abundant and diverse fern flora including Dryopteris, Thelypteris,
Equisetum, Polypodiaceae undif., Polypodium vulgare, particularly between AD 1300
and 1750 (Fig. 4.3).
Results from rarefaction analysis show pollen richness values around 11-13
between AD 1000 and 1300, an increase to ca. 16-19 between AD 1300 and 1500, and a
return to lower values (i.e., 7-9) between AD 1700 and 1850 (Fig. 4.4).

Fig. 4.4. Selected non-arboreal pollen types, Soridaceae fungi (proxy for human impact),
micro-charcoal percentages and macro-charcoal abundance (proxy for fire) and pollen
richness (proxy for diversity) from Scrioara Ice Cave (A); and comparison with
Clineasa surface pollen record (B, Feurdean et al. 2009) and the historical periods. The
grey shade highlights the period when their frequencies are at lowest, which is temporary
coincident to a cool and wet period (Little Ice Age). Mean summer temperature
anomalies (°C against the 1961-1990 mean) inferred from tree rings in Eastern
Carpathians is also indicated (Popa & Kern 2009).

5. Discussion
5.1. Spatial scale of the vegetation record as evident from Scrioara Ice Cave
The entire pollen record from Scrioara Ice Cave is dominated by the arboreal
pollen, mostly Picea abies, Fagus sylvatica, and Abies alba (Fig. 4.3). Such a mixture of
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tree forest species is typical today in the Romanian Carpathians at elevations ranging
between 800 and 1300 m (Kern & Popa 2007). Apart from the great pollen percentages of
Betula and Alnus, which likely originate locally (occurrence on the rim of the cave’s
entrance shaft), and of Corylus avellana, the presence of pollen of other deciduous tree
species such as Carpinus betulus, Quercus, Ulmus, Tilia, and Fraxinus excelsior at
elevation beyond their current range extension, suggests that a smaller fraction of the
pollen entering the cave represents the regional component of forest. In contrast, pollen
assemblages from Scrioara Ice Cave are characterized by a low proportion and
diversity of pollen of herbaceous plants (Fig. 4.3), but a rather abundant and diverse fern
flora (Fig. 4.3). Modeling and simulation studies (Gaillard et al. 2008) have shown that
the open herbaceous communities are strongly under-represented in densely forested
landscapes and that the detection of openings is only possible if open herbaceous
communities are situated close to the sedimentary basin. The diameter (60 m) and the
depth of the shaft (47 m) played a funnel role, which in addition to the presence of a
closed forest might have further reduced the area of incoming pollen rain. Support for
this assumption comes from the fact that Piceas abies, which presently is the dominant
tree species around the rim of the shaft (as well as in the regional forests), was also the
dominant taxon in the upper section of the fossil record. Furthermore, ferns, which are
common on the dark and moist sides of the shaft walls, were also the predominant nonarboreal taxa in the fossil record (Fig. 4.3), whilst the herbaceous plants occurring in our
fossil record are abundant pollen producers with good dispersal abilities (i.e.,
anemophilous pollen, Poaceae, Artemisia, Chenopodiaceae, Rumex). (Figs. 4.3 and 4.5b).
Summarizing the above, it is apparent that because of the combination between the cave
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entrance morphology and the high pollen loading from trees near the cave, the pollen
record from the Scrioara Ice Cave is primarily representative of vegetation composition
at local scale and to a lesser extent it also represents the regional (i.e., tens of km2)
component of vegetation. This mirrors other findings from Spanish caves, where
although the pollen assemblages are representative for both local- and regional-scale
vegetation development, they primarily reflect the local vegetation composition (Navarro
et al. 2001; Carrión et al. 2006).

Fig. 4.5. Number of terrestrial pollen and spore taxa identified at Scrioara Ice Cave,
and comparison with pollen records from the surface (Feurdean et al. 2009) (A); and the
proportion of zoophilous (grey bars) versus anemophilous (black bars) pollen type from
Scrioara Ice Cave (B).

5.2. Forest development and comparison with regional forest dynamics
Results from Scrioara Ice Cave pollen record (Fig. 3), indicate that the inferred
tree species composition, diversity and dynamics agree well with other investigated
pollen sequences from the surface in the study area (Bodnariuc et al. 2002; Frca et al.
2007; Feurdean & Willis 2008a, b; Feurdean et al. 2009). The forests near Scrioara Ice
Cave were dominated by Fagus sylvatica between ca. AD 1200 and 1550, whilst Picea
abies was the dominant forest constituent between AD 1000 and 1200 and from around
AD 1550 onwards (more evident after AD 1750). The expansion of Picea abies at AD
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1550 and its dominance from about AD 1750-1850 to the present day was previously
documented to be primarily of anthropogenic origin; forest grazing and clearance
followed by fast natural regeneration, and plantation (Feurdean & Willis 2008a; Feurdean
et al. 2009; Feurdean 2010). Historical evidence reveal a substantial demographic rise in
the 16th century AD and that between the 16th and mid 18th century people were still
permitted to freely harvest the woodlands in the area (Rotariu 1995). The rise of Picea
abies into dominant woodland is associated with the regional decline in warm temperate
tree species (Carpinus betulus, Quercus, Corylus avellana, Ulmus, Tilia, and Fraxinus
excelsior, Fig. 4.3). An increased proportion of coniferous tree species, Picea abies and
Pinus and a corresponding decline of deciduous species was observed in many regions of
the Carpathians in the last ca. 500-1000 years and linked to forest clearance and later (the
last 200 years) to preference for plantation with rapidly regenerating species (Frca et al.
2003; Tanu et al. 2009; Feurdean et al. 2010). Another feature that emerged from
Scrioara Ice Cave pollen record is that Abies alba has been in the past better dispersed
in the local forest and its final decline occurred over the last 200 years (Fig. 4.3). Abies
alba is a red-listed species (Oltean et al. 1994) and its pattern dynamics is in agreement
with that from the surface pollen records from the Apuseni Mountains and other regions
in the Carpathians (Tanu 2006), confirming that Abies alba forests removal is a recent
event associated with human impact i.e., intensive timber harvesting and forest grazing
(Pop & Ciobanu 1950; Feurdean & Willis 2008b; Feurdean et al. 2009). The decline or
disappearance of Abies alba has also been best explained by the human impact including
anthropogenic-induced fire in most areas of Europe, but Western and Central Europe
reveal an earlier reduction in Abies alba (Tinner & Lotter 2006; Carcaillet & Muller 2007
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and reference therein) than the Eastern part. Western and Central Europe are also
modeled to have undergone a much earlier deforestation than Eastern Europe (Kaplan et
al. 2009).

5.3. Land-use changes
Pollen assemblages from Scrioara Ice Cave are characterized by significantly
lower frequencies (average 4.1%, if the level at 1186 cm is disregarded due to very low
pollen counts) and diversity of herbaceous plants pollen (18 taxa) than the pollen
sequences from the surface (Figs. 4.3-4.5, Feurdean & Willis 2008a; Feurdean et al.
2009). This likely indicates that the magnitude and variety of anthropogenic activities
estimated from pollen record in Scrioara Ice Cave appears to be underestimated
compared to those from the surface, despite the fact that Ghear hamlet is situated only
0.5 km away from the cave. Additionally, documentary sources attest that many isolated
hamlets in the Apuseni Mountains, including the Ghear were permanently grounded only
relatively recently (ca. 100-150 years ago) although temporary settlements associated
with grazing on the highland pastures existed several centuries earlier (Rotariu 1995).
Nevertheless, the pollen record form the Scrioara Ice Cave show fluctuating
frequencies in the pollen of herbaceous plants in particular for indicators of grazed,
ruderal, and cultivated fields. Elevated values in NAP are evident between AD 1000 and
1400, and AD 1700 and 1850, possibly indicating two phases of more intense
anthropogenic activities. High occurrence in NAP is positively correlated with
coprophiluos spores (i.e., Sordariaceae), whereas low frequencies in NAP concur with
high values for spores of Coniocheata and abundant organic material and wood (Fig.
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4.3). The occurrence of Soridaceae in the fossil record was often linked to cattle
domestication and wild herbivores, whereas the presence of Coniocheata with dung and
decaying plant material (van Geel et al. 2003; Ekblom & Gillson 2010). Since spores of
Coniocheata are less abundant during periods of greater anthropogenic impact we
interpret their presence as originating from decaying wood rather than dung. The first
phase of the more abundant occurrence of pollen of herbaceous plants (NAP) and
coprophiluos spores is temporarily coincident with the Mediaeval Warm Period (i.e., AD
800–1300; de Menocal, 2001). Warmer conditions between AD 1100 and 1350 are
inferred from Pinus cembra tree ring record from Climani Mts., Eastern Romanian
Carpathians (Popa & Kern 2009; Fig. 4). The second phase of more consistent prevalence
of NAP (mostly Plantago lanceolata, a stronger grazing indicator) and Soridaceae fungi
(AD 1700 to 1850) coincides with the time when historical sources document woodland
grazing as a prevailing subsidary activity (Prodan 1967, 1986), and great stock estimates
(sheep and cattle) during this period in the study area (Prodan 1986). Tree ring record
from Eastern Romanian Carpathians shows warm summers on the interval AD 16501800 (Popa & Kern 2009). The combined palaeoecological, historical and climatic
evidence may indicate that the abundant occurrence of Sordariaceae fungi originates
mainly from fungi growing on dung associated with domestic stock. Woodland grazing
during this warm interval also appears to affect the population size of browsing sensitive
tree species such as Abies alba, which shows a clear decline coincident with increased of
Sordariaceae. Other tree species showing significant reductions are temperate deciduous
species i.e., Carpinus betulus, Quercus, Betula, Corylus avellana, Ulmus, Tilia, and
Fraxinus excelsior (Fig. 4.3). It is therefore tempting to assume that warmer climate
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conditions lead to intensification of grazing pressure by domesticated stock and forest
clearance to enlarge the grazing area.
Conversely, the decreased frequencies of herbaceous plant pollen and
coprophiluos spores between AD 1400 and 1700 (minimum AD 1500-1650), and their
subsequent slight increase is temporarily synchronous with a wet/cool phase as indicated
by the rapid wash-in of organic debris and macro-remains inside the cave, and less ice
melting. Evidence for summers becoming colder, most pronounced between AD 1370
and 1630, and AD 1840 and 1870 is revealed by tree ring record from the Eastern
Romanian Carpathians (Popa & Kern 2009; Fig. 4). This cold period known as the Little
Ice Age, is shown in many European records (Bell & Walker 2005).
In summary, data from pollen and coprophilous spores from Scrioara Ice Cave
suggest that although weak, the land-use changes have been modulated by variation in
climate conditions. Fluctuations in the magnitude of land-use changes were also
documented from other fossil sequences in the region, with the most evident match at
Clineasa (Fig. 4.4), the closest site to the Scrioara Ice Cave (Feurdean et al. 2009).
Results from this study agree with others from Central Europe, which record an
intensification of land use during warm and dry periods, and a reduction/abandonment
during periods of increasing precipitation and declining temperatures over the Holocene
(Tinner et al. 2003; Finsinger & Tinner 2006). Our preliminary results also concur with
the findings of Finsinger & Tinner (2006) in that it is the precipitation increase more than
temperature decrease that drives the decline in land use.
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5.3. Burning records over the last 1000 years
An increase in the amount of micro and macro-charcoal between AD 1500 and
1750 (Figs. 4.3 and 4.4) is concurrent with the abundant presence of organic debris, wood
remains, spores of ferns (Dryopteris, Thelypteris, Polypodiaceae), and fungi of
Cenococcum geophilum and Coniocheata. Spore frequency of ferns such as Thelypteris
and Polypodiaceae are often reported to increase after disturbance (Tinner et al. 1999).
Interestingly, contrary to most studies, this late Holocene rise in charcoal observed in our
record does not appear to be related with anthropogenic impact, since the percentages and
diversity of open herbaceous communities associated with habitat transformations by
humans are low (Figs. 4.3 and 4.4). Instead, our results indicate that the period with high
values in charcoal input coincides with wet condition, which again is in contrast to most
studies showing a positive correlation between burnings and higher temperature or
drought (Tinner et al. 1999; Connedera et al. 2009). The high ice accumulation rate and
abundant occurrence of pieces of wood, unidentified leaf fragments, organic debris,
Cenococcum geophilum (often related to erosion), and Coniocheata fungi (decayed
wood) within the ice layers, suggest high run-off. Thus, a possible explanation for high
charcoal input during wet condition is that the charcoal does not relate to severe burning
events but with abundant sediment wash-in from the surface into the cave due to high
precipitation and run-off.

5.4. Number of pollen taxa and pollen richness
The pollen record from Scrioara Ice Cave shows a low terrestrial pollen
diversity (38 taxa; Fig. 4.5a). Although the number of tree taxa (max. 13 taxa) is

84

comparable with that of pollen records from the surface (max. 15 taxa), the number of
shrub (1 taxa) and herbaceous pollen types (max. 18 taxa) is much lower than at the
surface (6-14 shrubs taxa and 35-69 herbaceous taxa; Fig. 4.5a). Only the number of fern
taxa (max. 6) appears to be higher than in records from the surface (3-4 taxa). Regarding
the pollen richness estimated by rarefaction analysis, the Scrioara Ice Cave sequence
shows a declining richness from ca. 16-19 between AD 1300 and 1500 to 7-9 between
AD 1700 and 1850 (Fig. 4.4). Comparatively, the pollen records from Molhaul Mare,
Clineasa (Fig. 4.4), and Padi Plateau show an increase in pollen richness from ca. 2024 at about AD 1000 to 24 at AD 1850 (Feurdean et al. 2009). Contrary to our findings,
the pollen spectra from several Spanish caves show a great diversity, which was
attributed to an over-representation of zoophilouse pollen (in particular Asteraceae
Cichorioideae), in connection with the ability of bats to act as pollinators (Navarro et al.
2001; Carrión et al. 2006). Although nine bat species (Dumitrescu et al. 1962-1963) were
identified in Scrioara Ice Cave, there are no guano accumulations (Onac et al. 2010),
which may explain the overall low diversity of zoophilouse/entomophilous plants in our
pollen record (Fig. 4.5b). However, similarly, in the Spanish caves, pollen of
entomophilous taxa (i.e., Asteraceae Tubuliflorae and Asteraceae Liguliflorae) was the
best-represented zoophilous herbaceous pollen type in the Scrioara Ice Cave pollen
assemblages (Fig. 4.3). Studies of modern pollen spectra have also shown that pollen of
Asteraceae is a good indicator of the local presence due to the open flowers, numerous
anthers and entomophilous pollination (Brun et al. 2007).
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6. Conclusions
Results from this study indicate that the lowest 14C-dated sample from the ice wall
in the Little Reservation of Scrioara Ice Cave is at least ca. 1000 years old. This age is
in agreement with those reported by Fanuel (1993), 1100 years, and Holmlund et al.
(2005), 880 years from samples collected near ours. Nevertheless, this is far younger than
the 3000-year estimate previously claimed by Pop & Ciobanu (1950). Based on ice
dynamics studies (Peroiu & Pazdur 2011) it is, however, possible that the ice block can
be thousands of years older in the center than at its margins due to basal and lateral ice
flow and melting.
Results from Scrioara Ice Cave sequence suggest that the content of each ice
layer (organic material, plant macro-remains, wood, branches, cryogenic calcite and
pollen abundance) varies and gives information on rate of wash-in and melting, and
consequently of the climate at the time of ice layer formation. Notably is the excellent
preservation of the plant macrofossil remains and of coprophilous fungi.
The geometry of the cave entrance (shaft) seems to have been the predominant
factor controlling the amount of pollen rain reaching the interior of the cave and
ultimately being incorporated in the ice. These assemblages were dominated by pollen
originating from the vegetation occurring around the rim and walls of the shaft i.e., Fagus
sylvatica between AD 1200 and 1550 and Picea abies and by ferns between AD 1000
and 1200 and from AD 1550 onwards. Nonetheless, this forest dynamics agrees well with
those from the surface pollen sequences, thus supporting that the pollen assemblage from
the Scrioara ice block gives an accurate picture of past forest composition.
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When pollen of herbaceous plants is considered, the pollen assemblages from
Scrioara Ice Cave are characterized by significantly lower frequencies and diversity
than the pollen sequences from the surface. These assemblages are dominated by
anemophilous taxa known as abundant pollen producers and with good pollen dispersal
(Poaceae, Artemisia, Chenopodiaceae, Rumex) and just a few taxa with zoophilous
pollination (mainly Asteraceae Liguliflorae and Asteraceae Tubuliflorae). The
predominance of anemophilous taxa thus indicates that the Scrioara Ice Cave sequence
has a similar pollen representation to the sequences from the surface, which is contrary to
most findings from other cave sediments, predominated by the zoophilous taxa.
Of note is the good preservation and abundance of coprophiluos spores (i.e.,
Sordariaceae and Coniocheata). In particular, Sordariaceae fungi show a good association
with herbaceous pollen type and offer additional information on grazing by domesticated
stock. The fluctuating frequencies in the pollen of herbaceous plants (indicators of
grazed, ruderals and cultivated fields), non-palynomorphs, along with changes in the
forest composition, appear to track changes in climate condition, suggesting that land-use
changes were also modulated by climate variability, i.e., intensified under warmer
condition (Mediaeval Warm Period), and declining in colder periods (Little Ice Age).
Micro- and macro-charcoal particles occur more abundantly between AD 1600
and 1850, but their abundance is associated with wet conditions, likely indicative that the
transfer of charcoal from the surface into the cave happened during extreme rainfall
events) rather than during increased burning regime.
We further aim to statistically test the relative importance of the climate and
human impact on the forest composition in the Apuseni Mountains once multidisciplinary
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data are available (stable isotopes, geochemistry, temperature, precipitation). This issue is
of crucial importance since our study site lies in the Apuseni Natural Park. Knowledge of
the condition under which the present forest arose, the range of environmental variability,
and human impact they have experienced can be incorporate into a conservation
management plan.
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Chapter 5: A 9750 year record of summer temperatures in Central Europe
from cave glaciers

1. Introduction
Overt the past decades, evidence has accumulated from both hemispheres that the
Holocene experienced a less stable climate than previously recognized (Denton & Karlen
1973; Bond et al. 1997, 2001; Mayewski et al. 2004; Schaefer et al. 2009). Especially
important for our understanding of contemporary climatic changes are rapid cooling
events that punctuated the Holocene (Bond et al. 1997). Explaining their cause and
influence could help us place the contemporary climatic changes in a broader context and
improve our ability to predict future changes. Despite intensive and extensive studies,
terrestrial records of these cooling events are sparse, and most of them derived from
biological proxies, thus being less ideal to disentangle cause from response.
Here we present a unique, high-resolution, precisely dated record of late summer
temperature changes, based on oxygen and hydrogen stable isotope analyses of an ice
core drilled in Scrioara Ice Cave, Romania. This record documents climatic changes
over the course of the past ~10,000 years from an area that lacks such information, and
provides new and robust evidence for strong climatic signal interactions in the oceanatmosphere system.
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2. Site description
Scrioara Ice Cave (46°29’N 22°48’E, 1165 m above sea level in Central Europe
Apuseni Mountains, Romania, Fig. 5.1a), hosts the world’s largest cave glacier (~100,000
m3, 23 m thick, Fig. 5.1b).

Fig. 5.1. Location map (the position of the cave is shown by the yellow star), plan view,
and cross-section of Scrioara Ice Cave, Romania (modified from Rusu et al. 1970).
The red dot shows the position of the drilling site.

The region has a temperate climate, influenced by the westerlies, with a mean
annual temperature of 5.2°C and precipitation amounts around 1200 mm/year. The air
temperature inside the cave is 0°C in the entrance area that is occupied by the ice block,
increasing to 4.2°C towards the interior of the cave (Fig. 5.1b). Ice in the cave forms as
seepage water accumulates between July and September on top of the ice block during
the summer. This water subsequently freezes beginning in mid-autumn, to form a layer of
ice ca. 1-15 cm thick, that also incorporates calcite, pollen and organic matter at its base.
Occasional infiltration of water in winter leads to further ice development on top of that
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already frozen. Spring and summer melting usually removes the winter ice, so that the ice
block mainly consists of ice formed by the freezing of late-summer and early-autumn
precipitation. Periods of enhanced melting might have acted in the past, so that the annual
layering of the ice is not uniformly preserved (Peroiu & Pazdur 2011, Peroiu et al.
2011).

3. Methods
In February 2003, a 22.5 m long ice core was extracted from the ice block.
Twenty-six

14

C ages were measured on organic matter found in the ice (Table 5.1) and

1020 18O and 2H measurements were performed on ice samples 1 to 3 cm thick. Subsampling for these analyses was made such that each layer of ice (discernable due the
presence of impurity layers at their bases) was cut into 1 to 12 pieces (depending on its
thickness) and analyzed separately. Previous studies (Peroiu et al. 2011) have shown
that the stable isotopic composition of the ice is a proxy for late summer through earlyautumn air temperature. We used this modified model of stable isotope behavior in
freezing water, first described by Jouzel & Souchez (1982) and Souchez & Jouzel (1984),
which assumes that every ice layer displays an increasing depletion of the heavy isotope
species with depth, due to fractionation during freezing. However, we were not able to
see such a trend in all layers, as a result of: 1) small thickness (~1 cm) of some annual
layers, due to reduced accumulation and/or loss by melting, 2) scattered isotope values
within some layers, due to slow and variable and/or step-like freezing rate of the ponded
water. The freezing could be discontinuous in time, due to variable air temperature inside
the cave. Peroiu et al. (in review) have shown that freezing usually takes places in a
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period lasting between a few weeks and ca. 2 months; during this processes the air
temperature varies between 0 and -10°C, thus leading to a step-like freezing process.
Thus, the theoretical depletion of heavy isotopes of the water column is obliterated during
periods of no freezing and reinitiated once freezing resumes. It is thus possible to have
multiple depth-depletion trends in heavy isotopes in a single ice column, which will
appear as scattered data points in a depth vs. isotope plot. However, the average value of
the stable isotope composition of the lake ice will be similar to that of the water,
regardless of the freezing style (Peroiu et al., in review). In our reconstruction, we have
smoothed the raw data using a 10-point moving average, thus removing the variability
induced by the variable freezing rates.
The chronology for the record is based on twenty-six

14

C ages and was

constructed using the bayesian software Bacon (Blaauw, in review), which assumes that
accumulation rate is always positive and changes gradually from depth to depth. In order
to cope with radiocarbon measurement uncertainties, we have taken into account the
range of calibrated ages, at both 1 and 2 (Table 5.1 and Fig. 5.2). Historical
observations have shown that between 1863 and 1980, enhanced melting and related
changes in the geometry of the ice block led to the loss of ~100 cm of ice. Based on
annual ice accumulation rates derived independently of the

14

C age determinations

(between 0.9 and 1.6 cm/year, with a mean value of ~1.3 cm/yr; Peroiu & Pazdur 2011),
gives an estimated age of 90±20 years BP for the top of the ice core. This age was also
incorporated in the construction of the depth-age model. The accumulation rate calculated
based on this depth-age model decreases from ~0.9 cm/yr for the most recent 1000 years,
to 0.13 cm/yr for the last 1000 years of the record.

92

Fig. 5.2. Depth-age model for the Scrioara Ice Core. The two outliers at 1061 and
2126 cm below surface were not included in the calculations.

4. Results and discussion
4.1. General trends, Holocene climatic optimum
The stable isotope data of the Scarioara Ice Core (SIC) record (Fig. 5.3) is
plotted in grey-scale, which aims to show the chronological uncertainty. It covers almost
the entire Holocene, between 90 yrs BP and 9750 yrs BP.
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Fig. 5.3. SIC 18O record (lowest chart), compared with Northern Hemisphere
paleoclimatic series. a) NGRIP 18O record (Vinther et al. 2006; Rasmussen et al. 2006);
b) GISP2 sodium (Na+; parts per billion, ppb) ion proxy for the Icelandic Low (Mayewski
et al. 1997); c) GISP2 potassium (K+; ppb) ion proxy for the Siberian High (Mayewski et
al. 1997); d) North Atlantic SST, core LO09 (Berner et al. 2008);
3) Western Mediterranean SST (Cacho et al. 2001); f) North Atlantic SST, core MD 992275 (Sicre et al. 2009); g) hematite stained grains (% HSG), core MC52-V29191 (Bond
et al. 2001); h) residual 14C (Reimer et al. 2001); i) September insolation at 50°N.

The first order fluctuation broadly follows orbitally induced Northern Hemisphere
September insolation, with a minimum d18O in the early Holocene, a slow increase
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towards a maximum at ~5.0 ka, followed by a very slow decrease towards the present,
accentuated after ~0.5 ka (Fig. 5.3, 5.4). The Holocene Thermal maximum (HTM) occurs
around 5 ka, in good agreement with data from central (Davis et al. 2003) and northern
Europe (Seppä & Poska 2004). The late HTM is further supported by 18O variations in
speleothems from the same region, which show an increase in temperature after 6.0 ka
(Tma et al. 2005) and centered around 5.0 – 5.5 ka (Constantin et al. 2007); and partly
by pollen based climatic reconstruction (Feurdean et al. 2008), which show higher
summer temperatures between 8.0 and 2.4 ka. In contrast, Onac et al. (2002) have shown
a general cooling trend during this time, and warming only after 3.5 ka (based on 18O
variations in speleothems) .
The HTM is well expressed in the North Atlantic SST reconstructions in the early
Holocene (10 – 8 ka) at high latitudes (e.g., Calvo et al. 2002; Andersen et al. 2004), and
less pronounced and delayed (6 – 8 ka) at mid to low latitudes (Koç et al. 1994; Berner et
al. 2008). The SIC isotopic trend shows a remarkable resemblance with the summer
subpolar sea-surface temperature (SST) in the North Atlantic, south of Iceland (Berner et
al. 2008). As Jansen et al. (2008) have shown, the HTC recorded by the North Atlantic
SST is a response to increased summer insolation, the delay in its timing south of Iceland
being induced by melt water released from the decaying Laurentide Ice Sheet (COHMAP
Members 1988; Andersen et al. 2004; Hall et al. 2004). The delayed HTM in our record
can be explained by a combination of 1) climatic response to late summer through midautumn insolation (Fig. 5.3) and 2) carrying of the NA thermal signal towards inland
Europe by the westerlies (the North Atlantic south of Iceland is the main area of moisture
reaching Romania; Frca 1983). This later hypothesis is supported by the fact that
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diatom-based reconstructions of Berner et al. (2008) reflect mainly August SST, which
corresponds to the month of precipitation for most of the water that eventually freezes to
form ice in SIC.

4.2. Cooling (Bond) events, 8.2 k event
Superimposed on the long-term variations in the SIC record, a series of rapid
cooling events (RCE) are seen, the most notable being at 9.5 ka, 8.2 ka, 7.9 ka, 6 ka, 4.2
ka, 3.2 ka and 0.9 ka (Fig. 5.4).

Fig. 5.4. The timing of Holocene rapid cooling events (RCE) from the Scrioara Ice
Core. The blue bars indicate the timing of “Bond” events, based on the Bond et al.
(2001) records. The red line is a 20 years moving average.

The timing of these RCEs agrees remarkably well with the Holocene rapid
climatic changes documented by Mayewski et al. (2004), and the IRD events in the North
Atlantic (Bond et al. 2001). IRD events in the North Atlantic have been linked to
variations in solar output (Bond et al. 1997, 2001), with further changes in the rate of
North Atlantic Deep Water formation and southward shifts in the pathway of the
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westerlies (Magny et al. 2001; Pélachs et al. 2011). The strongest cooling event in the
Holocene is recorded at 8.2 – 8.3 ka, corresponding to a well-known climatic feature in
most Northern Hemisphere temperature reconstructions (e.g., Alley et al. 1997; von
Grafenstein et al. 1998), and which is generally attributed to a reduction of northward
heat transport to the North Atlantic by the Atlantic Meridional Overturning Circulation
(AMOC, e.g., Seppä et al. 2007), following the drainage of the Laurentide lakes (Alley &
Àgústsdóttir, 2005). The Holocene cooling events have been associated with a stronger
Siberian High and deeper Icelandic Low (Fig. 5.3, Bond et al. 1997; Mayewski et al.
2004); as reconstructed based on seasalt sodium (proxy for the strength of the Icelandic
low) and non-seasalt potassium (proxy for the strength of the Siberian high) records in
the GISP2 ice core (O’Brien et al. 1995).
The synchronous and coherent response of the summer temperature changes
documented in the SIC record and the North Atlantic IRD record could have resulted
from a hemispheric scale atmospheric response to North Atlantic cooling, according to
the following suggested scenario. Orbitally driven cooling episodes in the North Atlantic
and the subsequent cooling of the sea surface (e.g., Bond et al. 2001) could have led to a
weakening of the Icelandic Low (Fig. 5.3, Mayewski et al. 2004), while the same
orbitally driven cooling could have determined a strengthening of the Siberian High.
Further, a weak Icelandic low (possible associated with a negative anomaly of the Azore
High) determined the southward displacement of North Atlantic stormtrack, resulting in
increased transport of cold and wet air towards mainland Europe. Western Europe
experienced cold summers and increased annual precipitation (Magny et al. 2001), while
the Mediterranean experienced summer cooling (Cacho et al. 2001; Dormoy et al., 2009),
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both associated with the Holocene cold events of Bond et al. (2001). This pattern of air
pressure changes is similar to that occurring during the negative phases of the North
Atlantic Oscillation (NAO, Hurrell et al. 1995). For SIC, the negative phase of the NAO
is associated with an increased frequency of blocking patterns and northern circulation
(Bojariu & Paliu, 2001), which brings cold air from northern Europe. Further, the
stronger Siberian High during RCEs (Fig. 5.3) could have also contributed to the
advection of northern cold air masses towards SIC, as evidenced for example by Rohling
et al. (2002), who have linked the cooling events in the Aegean Sea (south of Romania)
with a strengthened Siberian High.

5. Conclusions
Our data suggests that the general trends of temperature changes in mainland
Europe during the Holocene were governed by changes in solar output. Rapid cooling
events were synchronous with North Atlantic IRD events, the North Atlantic climatic
signal originating from SST changes and being amplified by atmospheric dynamics.
These findings offer new insights in the large-scale interactions between ocean and
atmospheric processes, thus helping in the understanding of the mechanisms of
hemispheric and global climatic changes.
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Table 5.1. Results of the radiocarbon analysis of samples collected from the Scrioara Ice Core.
Sample

Depth

Lab #

Age

SCL22
SCL24
SCL27
SCL25
N3
SCL26
SCL11
N17
N2
N16
N12
N9
N10
SCL15
N8
N19
SCL16
N11
SCL17
N4
SCL18
SCL19
N5
N6
SCL20
N13
N18
N1
SCL21

72
431
497
675
682.5
709.5
735
880
968
1012.5
1031
1039
1065
1085
1143
1154
1195
1522
1530
1541
1545
1686
1690
1752
1925
1928
2068.5
2150
2220

Poz-28925
Poz-28933
Poz-28928
Poz-28926
Poz-28883
Poz-28927
Poz-28920
Poz-28916
Poz-28882
Poz-28914
Poz-28912
Poz-28888
Poz-28910
Poz-28930
Poz-28887
Poz-28918
Poz-28931
Poz-28911
Poz-28932
Poz-28884
Poz-28921
Poz-28922
Poz-28885
Poz-28886
Poz-28923
Poz-28913
Poz-28917
Poz-28881
Poz-28924

355 ± 30 BP
705 ± 30 BP
630 ± 50 BP
1140 ± 35 BP
1110 ± 50 BP
1220 ± 30 BP
65 ± 30 BP
1380 ± 40 BP
1730 ± 50 BP
1705 ± 30 BP
1800 ± 30 BP
1985 ± 35 BP
2065 ± 30 BP
6020 ± 50 BP
2390 ± 60 BP
2490 ± 40 BP
2365 ± 30 BP
4170 ± 40 BP
4240 ± 50 BP
4190 ± 60 BP
4220 ± 40 BP
4160 ± 50 BP
4090 ± 120 BP
5820 ± 100 BP
7360 ± 70 BP
7300 ± 90 BP
7990 ± 90 BP
1680 ± 50 BP
9110 ± 50 BP

95.4% probability
Min
Max
%
316
412
50.8
642
691
80.5
542
670
95.4
966
1145
92.3
931
1143
93.6
1063
1187
74.9
29
140
71.1
1256
1370
92.8
1530
1740
91.9
1542
1695
95.4
1690
1821
82.8
1865
2004
94.2
1948
2120
95.4
6740
6995
95.4
2333
2619
79.3
2435
2730
90.4
2335
2473
94.7
4579
4771
74.8
4610
4768
48.7
4568
4853
94.2
4623
4764
58.5
4568
4835
93.4
4248
4864
95.4
6407
6861
94.7
8021
8338
95.4
7963
8322
95.4
8594
9039
93
1509
1711
89.8
10194 10409 95.4

Min
420
564

Max
498
589

%
44.6
14.9

Min

Max

%

1159
1160
1201
221
1186
1756

1170
1170
1259
259
1203
1782

3.1
1.8
20.5
24.3
2.6
2.5

1798

1810

1

1626
2027

1669
2036

12.6
0.8

1836

1841

0.4

2633
2366
2479
4780
4782
4549
4787
4549

2705
2392
2485
4835
4879
4556
4858
4556

16.1
3.3
0.7
20.6
45
0.7
36.9
1.1

2397

2412

1.8

4583
4537

4600
4542

1.1
0.5

4536

4542

0.9

6869

6881

0.7

9045
1418

9090
1466

2.4
5.6

Min

Max

%

4941

4954

0.7
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Table. 5.1. Continued
Sample
SCL22
SCL24
SCL27
SCL25
N3
SCL26
SCL11
N17
N2
N16
N12
N9
N10
SCL15
N8
N19
SCL16
N11
SCL17
N4
SCL18
SCL19
N5
N6
SCL20
N13
N18
N1
SCL21

68.2% probability
Min
Max
%
428
478
34.1
655
681
68.2
557
605
40.6
976
1079
68.2
960
1064
68.2
1080
1179
64.1
35
71
38.3
1279
1329
68.2
1595
1701
60.4
1560
1626
52.4
1699
1742
34.3
1896
1951
53.7
1991
2063
56.8
6795
6913
63.5
2344
2490
59.4
2490
2622
49.9
2341
2367
38.6
4691
4762
35
4811
4859
36.5
4627
4762
51.1
4707
4756
33.9
4623
4763
54.5
4511
4727
45.8
6500
6734
68.2
8152
8214
25.2
8010
8190
68.2
8725
8999
68.2
1530
1626
58
10210 10296 63.5

Min
324

Max
377

%
34.1

626

659

27.6

1214
230

1222
251

4.1
17.6

1569
1668
1754
1960
2085
6920
2643
2674
2410
4643
4706
4790
4811
4787
4752

1585
1690
1811
1970
2105
6930
2674
2712
2438
4679
4757
4837
4846
4823
4818

7.8
15.8
33.9
8.4
11.4
4.7
8.8
13.7
19.2
17
26.5
17.1
28.6
13.7
13.9

8049

9096

15.9

1669
10357

1690
10370

10.2
4.7

Min

Max

%

117

132

12.3

1979

1986

6.1

2630
2389
4798
4655

2643
2400
4826
4668

4.5
6.4
13
5.2

4656

4667

5.7

4441

4485

8.6

8257

8302

15.2

2445
4628

2453
4636

4.1
3.1

8103

8124

6.4

8130

8143

3.9

8244

8250

1.7

100

List of references

Alley, R.B., Àgústsdóttir, A.M. (2005) The 8k event: cause and consequences of a major
Holocene abrupt climate change. Quaternary Science Reviews 24, 1123–1149.
Alley, R.B., Mayewski, P.A., Sowers, T., Stuiver, M., Taylor, K.C., Clark, P.U. (1997)
Holocene climatic instability: A prominent, widespread event 8200 yr ago.
Geology 25, 483-486.
Andersen C., Koç N., Jennings A., Andrews J.T. (2004) Non-uniform response of the
major surface currents in the Nordic Seas to insolation forcing: implications for
the Holocene climate variability. Paleoceanography 19(2), Art. No. PA2003.
Arnason, B. (1969) The exchange of hydrogen isotopes between ice and water in
temperate glaciers. Earth and Planetary Science Letters 6, 423-430.
Badino, G. (2010) Underground meteorology - “What’s the weather underground?” Acta
carsologica 39 (3), 427-448.
Bastin, B. (1978) L’analyse pollinique des stalagmites: une nouvelle possibilite d’approach
des fluctuations climatiques du Quaternaire. Annales Socieete Géologique de
Belgique 101, 13-19.
Bastin, B., Cordy, J.M., Gewelt, M., Otte, M. (1986) Fluctuations climatique enregistrees
depuis 125,000 ans dans les couches de remplissage de la Grotte Scandina (Provence
de Namur, Belgique). Bulletin de l’Association Francaise pour l’étude du
Quaternaire 1, 168-177.
Bell, M., Walker, M.J.C. (2005) Late Quaternary environmental change. Physical and
human perspective. Longman Scientific and Technical, Essex.
Bennett, K.D. (2003) Manual for psimpoll 4.25 and pscomb
http://chrono.qub.ac.uk/psimpoll/psimpoll_manual/4.27/psimpoll.htm.

1.03.

Bennett, K.D., Willis, K.J. (2001) Pollen. In (Smol, J.S., Birks, H.J.B., Last, W.M., eds.),
Tracking Environmental Change Using Lake Sediments. Kluwer Academic
Publishers, Dordrecht, pp. 5-32.
Berner, K.S., Koc, N., Divine, D., Godtliebsen, F., Moros, M. (2008) A decadal-scale
Holocene sea surface temperature record from the subpolar North Atlantic
101

constructed using diatoms and statistics and its relation to other climate
parameters. Paleoceanography 23, 15.
Birks, H.J.B., Line, J.M. (1992) The use of rarefaction analysis for estimating
palynological richness from Quaternary pollen-analytical data. The Holocene 2,
1-10.
Bodnariuc, A., Bouchette, A., Dedoubat, J.J., Otto, T., Fountugne, M., Jalut, G. (2002)
Holocene vegetational history of the Apuseni Mountains, central Romania.
Quaternary Science Reviews 21, 1465-1488.
Bojar, A.-V., Ottner, F., Bojar, H.-P., Grigorescu, D., Peroiu, A. (2009) Stable isotope
and mineralogical investigations on clays from the Late Cretaceous sequences,
Haeg Basin, Romania. Applied Clay Science 45, 155-163.
Bojariu, R., Paliu, D. (2001) NAO projection on Romanian climate fluctuations in the
cold season. In (Brunet, M., Lopez, D., eds.) Detecting and Modelling Regional
Climate Change and Associated Impacts. Springer, pp. 345-356.
Bond, G., Kromer, B., Beer, J., Muscheler, R., Evans, M.N., Showers, W., Hoffmann, S.,
Lotti-Bond, R., Hajdas, I., Bonani, G. (2001) Persistent Solar Influence on North
Atlantic Climate During the Holocene. Science 294, 2130-2136.
Bond, G., Showers, W., Cheseby, M., Lotti, R., Almasi, P., deMenocal, P., Priore, P.,
Cullen, H., Hajdas, I., Bonani, G. (1997) A Pervasive Millennial-Scale Cycle in
North Atlantic Holocene and Glacial Climates. Science 278, 1257-1266.
Bocaiu, N., Lupa, V. (1967a) Cercetri palinologice în Petera Veterani din Defileul
Dunrii. Contribuii Botanice 39-46.
Bocaiu, N., Lupa, V. (1967b) Palynological research in the "Grota Haiducilor" Cave
near the Herculaneum spa (Romania). Revue Roumaine de Biologie, Serie
Botanique 12, 137-140.
Bourgeois, J.C., Gajewski, K., Koerner R.M. (2001) Spatial patterns of pollen deposition
in arctic snow. Journal of Geophysical Research 106, 5255-5265.
Bourgeois, J.C., Koerner, R.M., Gajewski, K., Fisher D.A. (2000) A Holocene ice-core
pollen record from Ellesmere Island, Nunavut, Canada. Quaternary Research 54,
275-283.
Brun, C., Dessaint, F., Richard, H., Bretagnolle, F. (2007) Arable-weed flora and its
pollen representation: A case study from eastern part of France. Review of
Palaeobotany and Palynology 146, 29-50.

102

Bucur, I.I., Onac, B.P. (2000) New data concerning the age of Mesozoic limestone from
Sc ri oara (Bihor Mountains). Studia UBB Geologia XLV (2), 13-20.
Cacho, I., Grimalt, J.O., Canals, M., Sbaffi, L., Shackleton, N.J., Schoenfeld, J., Zahn, R.
(2001) Variability of the western Mediterranean Sea surface temperature during
the last 25,000 years and its connection with the Northern Hemisphere climatic
changes. Paleoceanography Vol. 16 (1), p. 40 (2000PA000502).
Calvo E., Grimalt J.O., Jansen E. (2002) High resolution Uk37 sea surface temperature
reconstruction in the Norwegian Sea during the Holocene. Quaternary Science
Reviews 21, 1385–1394.
Carcaillet, C., Muller, S. (2005) Holocene tree-limit and distribution of Abies alba in the
inner French Alps: anthropogenic or climatic changes? Boreas, 43, 468 – 476.
Carrión, J.S. 1992. Late Quaternary pollen sequence from Carihuela Cave, southeastern
Spain. Review of Palaeobotany and Palynology 71, 37-77.
Carrión, J.S., Munuera, M., Navarro, C., Burjachs, F., Dupre, M., Walker, M.J. (1999)
The palaeoecological potential of pollen records in caves: the case of
Mediterranean Spain. Quaternary Science Reviews 18, 1061-1073.
Carrión, J.S., Scott, L., Marais, E. (2006) Environmental implications of pollen spectra in
bat guano dropping from southestern Spain and potential for reconstructions.
Review of Palaeobotany and Palynology 140, 175-186.
Citterio, M., Turri, S., Bini, A., Maggi, V. (2004a) Observed trends in the chemical
composition, d18O and crystal sizes vs. depth in the first ice core from the LoLc
1650 “Abisso sul Margine dell’Alto Bregai” ice cave (Lecco, Italy). Theoretical
and Applied Karstology 17, 45-50.
Citterio, M., Turri, S., Bini, A., Maggi, V., Pelfini, M., Pini, R., Ravazzi, C., Santilli, M.,
Stenni, B., Udisti, R. (2004b) Multidisciplinary approach to the study of the Lo Lc
1650 “Abisso sul Margine dell’Alto Bregai” ice cave (Lecco, Italy). Theoretical
and Applied Karstology 17, 27-44.
Clausen, H.B., Vrana, K., Hansen, S.B., Larsen, L.B., Baker, J., Siggaard-Andersen,
M.L., Sjolte, J., Lundholm, S.C. (2007) Continental ice body in Dobiná Ice Cave
(Slovakia) – part II. – Results of chemical and isotopic study. In (Zelinka, J., ed.)
Proceedings of the 2nd International Workshop on Ice Caves. Slovak Caves
Administration, Liptovsk Mikulá, pp. 29-37.
COHMAP Members (1988) Climatic changes of the last 18 000 years: observations and
model simulations. Science 241, 1043–1052.
Coles, G.G., Gilbertson, D.D., Hunt, C.O., Jenkinson, R.D.S. (1989) Taphonomy and the
palynology of cave deposits. Cave Science 16, 83-89.
103

Conedera, M., Tinner, W., Neff, C., Meurer, M., Dickens, A.F., Krebs, P. (2009)
Reconstructing past fire regimes: methods, applications, and relevance to fire
management and conservation. Quaternary Science Reviews 28, 555–576.
Constantin, S., Bojar, A.-V., Lauritzen, S.-E., Lundberg, J. (2007) Holocene and Late
Pleistocene climate in the sub-Mediterranean continental environment: A
speleothem record from Poleva Cave (Southern Carpathians, Romania).
Palaeogeography, Palaeoclimatology, Palaeoecology 243, 322-338.
Craig, H. (1961) Isotopic variations in meteoric waters. Science 133, 1702-1703.
Dansgaard, W. (1964) Stable isotopes in precipitation.bTellus 16, 436-468.
Dansgaard, W. (2005). Frozen Annals. Niels Bohr Institute, Copenhagen, 122 p.
Dansgaard, W., Johnsen, S.J., Moller, J., Langway, C.C. (1969) One thousand centuries
of climatic record from Camp Century on the Greenland Ice Sheet. Science 166,
377-380.
Davis, B.A.S., Brewer, S., Stevenson, A.C., Guiot, J. (2003) The temperature of Europe
during the Holocene reconstructed from pollen data. Quaternary Science Reviews
22, 1701-1716.
Davis, O.K. (1990) Caves as sources of biotic remains in arid western North America.
Palaeogeography, Palaeoclimatology, Palaeoecology 76, 331-348.
Demetrescu, C., Andreescu, M. (1994) On the thermal regime of some tectonic units in a
continental collision environment in Romania. Tectonophysics 230 (3-4), 265276.
deMonecal, P.B. (2001) Cultural responses to climate change during the late Holocene.
Science 292, 667–73.
Denton, G.H., Karlen, W. (1973) Holocene climatic variations: Their pattern and possible
cause. Quaternary Research 3, 155-174.
Dormoy, I., Peyron, O., Nebout, N.C., Goring, S., Kotthoff, U., Magny, M., Pross, J.
(2009) Terrestrial climate variability and seasonality changes in the
Mediterranean region between 15 000 and 4000 years BP deduced from marine
pollen records. Climate of the Past 5, 615-632.
Draxler, I. (1972) Palynologische Untersuchungen an Sedimenten aus der Salzofen-höhle
im Toten Gebirge. Annalen des Naturhistorischen Museums in Wien 76, 161-186.
Dumitrescu, M., Tanasachi J., Orghidan T. (1962-1963) Rspândirea chiropterelor in R.P.
Român. Lucrrile Institutului de Speologie “Emil Racovi” 1-2, 509-576.
104

Ekblom, A, Gillson, L. (2010) Dung fungi as indicators of past herbivore abundance,
Kruger and Limpopo National Park. Palaeogeography, Palaeoclimatology,
Palaeoecology 296, 14-27.
EPICA Community Members (2004) Eight glacial cycles from an Antarctic ice core.
Nature 429, 623-628.
Epstein, S., Mayeda, T. (1953) Variation of 18O content of waters from natural sources.
Geochimica et Cosmochimica Acta 4, 213-224.
Fanuel, G. (1993) Datation au carbone 14 glaciere de Scrioara. Bulletin de la Société
Spéléo de Namur, 38-42.
Frca S., Tanu I., Bodnariuc A. (2003) The Holocene human presence in Romanian
Carpathians, revealed by the palynological analysis. Wurzburger Geographische
Manuskripte 63, 111-128.
Frca S., Tanu I., Bodnariuc A., Feurdean A. (2007) L’histoire des forets et du
paléoclimat Holocène dans les Monts Apuseni. Contribuii Botanice 42, 115-126.
Frca, I. (1983) Structura i dinamica atmosferei. Cluj Napoca.
Ferrick, M., Calkins, D., Perron, N. (1998) Stable environmental isotopes in lake and
river ice cores. In (Shen, H.T., ed.) Ice in Surface Waters. Balkema, Rotterdam,
pp. 207-214.
Feurdean, A. (2010) Forest conservation in a changing world: natural or cultural?
Example from the Western Carpathians forests, Romania. Studia UBB Geologia
55, 45-48.
Feurdean, A., Klotz, S., Mosbrugger, V., Wohlfarth, B. (2008) Pollen-based quantitative
reconstructions of Holocene climate variability in NW Romania.
Palaeogeography, Palaeoclimatology, Palaeoecology 260, 494-504.
Feurdean, A., Peroiu, A., Pazdur, A., Onac, B.P. (2011). Evaluating the palaeoecological
potential of pollen recovered from ice in caves: a case study from Scrioara Ice
Cave, Romania. Review of Palaeobotany and Palynology, doi:
10.1016/j.revpalbo.2011.01.007.
Feurdean, A., Willis, ,K.J,. Parr, C., Tanu, I., Frca, S. (2010) Postglacial patterns in
vegetation dynamics in Romania: homogenization or differentiation? Journal of
Biogeography 37, 2197–2208.
Feurdean, A., Willis, K.J. (2008a) The usefulness of a long-term perspective in assessing
current forest conservation management in the Apuseni Natural Park (Romania).
Forest Ecology and Management 256, 421-430.

105

Feurdean, A., Willis, K.J. (2008b) Long-term variability of Abies alba (Mill.) populations
in the NW Romanian forests - implications for its conservation management.
Diversity and Distribution 14, 1004-1017.
Feurdean, A., Willis, K.J., Astalo, C. (2009) Legacy of the past land use changes and
management on the ‘natural’ upland forests composition in the Apuseni Natural
Park, Romania. The Holocene 19, 1-15.
Finsinger, W., Tinner, W. (2006) Holocene vegetation and land- use changes in response
to climatic changes in the forelands of the southwestern Alps, Italy. Journal of
Quaternary Science 21, 243-58.
Ford, D.C., Williams, P.W. (2007) Karst Hydrogeology and Geomorphology. John Wiley
and Sons.
Fórizs, I., Kern, Z., Szántó, Zs., Nagy, B., Palcsu, L., Molnár, M. (2004), Environmental
isotopes study on perennial ice in the Focul Viu Ice Cave, Bihor Mountains,
Romania. Theoretical and Applied Karstology 17, 61-69.
Gaillard, M.J., Sugita, S., Bunting, J., Middleton, R., Broström, A., Caseldine, C.,
Giesecke, T., Hellman, S.E.V., Hicks, S., Hjelle, K., Langdon, C., Nielsen, A.B.,
Poska, A., von Stedingk, Veski, S., POLLANDCAL members (2008) The use of
modelling and simulation approach in reconstructing past landscapes from fossil
pollen data: a review and results from the POLLANDCAL network. Vegetation
History and Archaeobotany 17, 419-443.
Gell, W.A. (1976) Underground ice in permafrost Mackenzie Delta-Tuktoyaktuk
Peninsula, N.W.T. Unpublished PhD Thesis, University of British Columbia,
Canada.
Groner, U. (2004) Palynology and sediment data from the high alpine karst cave on
Jungfraujoch, Switzerland. Eclogae Geologicae Helveticae 97, 237-243.
Hall, I.R., Bianchi, G.G., Evans, J.R. (2004) Centennial to millennial scale Holocene
climate-deep water linkage in the North Atlantic. Quaternary Science Reviews 23,
1529–1536.
Holmlund, P., Onac, B.P., Hansson, M., Holmgren, K., Morth, M., Nyman, M., Peroiu,
A. (2005) Assessing the palaeoclimate potential of cave glaciers: the example of
the Scarisoara Ice Cave (Romania). Geografiska Annaler A 87, 193-201.
Hunt, C.O., Rushworth, G. (2005) Pollen taphonomy and airfall sedimentation in a
tropical cave: the West Mouth of The Great Cave of Niah in Sarawak, Malaysian
Borneo. Journal of Archaeological Science 32, 465-473.

106

Hurrell, J.W. (1995) Decadal trends in the North-Atlantic Oscillation - regional
temperatures and precipitation. Science 269, 676-679.
Isaksson, E., Hermanson, M., Sheila, H.C., Igarashi, M., Kamiyama, K., Moore, J.,
Motoyama, H., Muir, D., Pohjola, V., Vaikmäe, R., van de Wal, R.S.W.,
Watanabe, O. (2003) Ice cores from Svalbard - useful archives of past climate and
pollution history. Physics and Chemistry of Earth 28, 1217-1228.
Jansen, E., Andersson, K., Moros, M., Nisancioglu, K.H., Nyland, B.F., Telford, R.J.
(2008) The early to mid-Holocene thermal optimum in the North Atlantic. In
(Batarbee, R.W., Binney, H.A., eds.) Natural climate variability and Global
Warming: a Holocene perspective. Wiley-Blackwell, pp. 123-137.
Johnston, V.E., McDermott, F., Tma, T. (2010) A radiocarbon dated bat guano deposit
from N.W. Romania: Implications for the timing of the Little Ice Age and
Medieval Climate Anomaly. Palaeogeography, Palaeoclimatology, Palaeoecology
291, 217-227, 2010.
Jouzel, J., Souchez, R.A. (1982) Melting refreezing at the glacier sole and the isotopic
composition of the ice. Journal of Glaciology 28, 35-42.
Jouzel, J., Petit, J.R., Souchez, R., Barkov, N.I., Lipenkov, V.Y., Raynaud, D.,
Stievenard, M., Vassiliev, N.I., Verbeke, V., Vimeux. F. (1999) More than 200
meters of lake ice above subglacial lake Vostok, Antarctica. Science 286, 21382141.
Kadebskaya, O., Mavlyudov, B.R., Pyatunin, M. (eds.) (2008) Proceedings of the 3rd
International Workshop on Ice Caves. Mining Institute of Ural Branch of the
Russian Academy of Sciences, Perm, 122 p.
Kaplan, J.O., Krumhardt, K.M., Zimmermann, N. (2009) The prehistoric and
preindustrial deforestation of Europe. Quaternary Science Reviews 28, 3016–
3034.
Kern, Z., Fórizs, I., Molnár, M., Nagy, B. Pavuza, R. (2010) Isotope hydrological studies
on the perennial ice deposit of Saarhalle, Mammuthöhle, Dachstein Mts., Austria.
The Cryosphere Discussiosn, 4, 1449-1465.
Kern, Z., Fórizs, I., Nagy, B., Kázmér, M., Gál, A., Szánto, Z., Palcsu, L., Molnár, M.
(2004) Late Holocene environmental changes recorded at Ghearul de la Focul
Viu, Bihor Mountains, Romania. Theoretical and Applied Karstology 17, 51-60.
Kern, Z., Fórizs, I., Peroiu, A., Nagy, B. (2010) Stable isotope study of water sources
and of an ice core from the Borig Ice Cave, Apuseni Mountains, Romania. Data
of glaciological studies 107, 175-182.

107

Kern, Z., Molnár, M., Svingor, E., Peroiu, A., Nagy, B. (2009) High-resolution, wellpreserved tritium record in the ice of Borig Ice Cave, Bihor Mountains, Romania.
The Holocene 19(5), 729-736.
Kern, Z., Popa, I. (2007) Climate–growth relationship of tree species from a mixed stand
of Apuseni Mts., Romania. Dendrochronologia 24, 109-115.
Koç N., Jansen E. (1994) Response of the high-latitude Northern-Hemisphere to orbital
climate forcing – Evidence from the Nordic Seas. Geology 22, 523–526.
Kral, F. (1968) Pollenanalytische Untersuchungen zur Frage des Alters der Eisbildungen
in der Dachstein-Rieseneishöhle. Die Höhle 19, 41-51.
Lachniet, M.S. (2009) Climatic and environmental controls on speleothem oxygenisotope values. Quaternary Science Reviews, 28, 412-432.
Laursen, L. (2010) Climate scientists shine light on cave ice. Science 329, 746-747.
Luetscher, M., Jeannin, P.-Y. (2004) A process-based classification of alpine ice caves.
Theoretical and Applied Karstology 17, 5-10.
Luetscher, M., Bolius, D., Schwikowski, M., Schotterer, U., Smart, P.L. (2007)
Comparison of techniques for dating of subsurface ice from Monlesi ice cave,
Switzerland. Journal of Glaciology 53, 374-384.
Luetscher, M., Lismonde, B., Jeannin, P.-Y. (2008) Heat exchanges in the heterothermic
zone of a karst system: Monlesi cave, Swiss Jura Mountains. Journal of
Geophysical Research, 113, F02025, doi: 10.1029/2007JF000892.
Luetscher, M. (2005) Processes in ice caves and their significance for
paleoenvironmental reconstruction. Ph.D. thesis, Swiss Institute for Speleology
and karts Studies, Switzerland.
Magny, M., Guiot, J., Schoellammer, P. (2001) Quantitative reconstruction of Younger
Dryas to mid-Holocene paleoclimates at Le Locle, Swiss Jura, using pollen and
lake-level data. Quaternary Research 56, 170–180.
Maher, L.J. Jr. (2006) Environmental information from guano palynology of
insectivorous bats of the central part of the United States of America.
Palaeogeography, Palaeoclimatology, Palaeoecology 237, 19-31.
May, B., Spötl, C., Wagenbach, D., Dublyansky, Y., Liebl, J. (2010) First investigations
of an ice core from Eisriesenwelt cave (Austria). The Cryosphere Discussions, 4,
1525-1559.

108

Mayewski, P.A., Meeker, L.D., Twickler, M.S., Whitlow, S., Yang, Q., Lyons, W.B.,
Prentice, M. (1997) Major features and forcing of high-latitude northern
hemisphere atmospheric circulation using a 110,000-year long glaciochemical
series. Journal of Geophysical Research 102, 26345– 26366.
Mayewski, P.A., Rohling, E.E., Curt Stager, J., Karlen, W., Maasch, K.A., David
Meeker, L., Meyerson, E.A., Gasse, F., van Kreveld, S., Holmgren, K., LeeThorp, J., Rosqvist, G., Rack, F., Staubwasser, M., Schneider, R.R., Steig, E.J.
(2004) Holocene climate variability. Quaternary Research 62, 243-255.
McDermott, F. (2004) Palaeo-climate reconstruction from stable isotope variations in
speleothems: a review. Quaternary Science Reviews 23, 901-918.
McGarry, S.F., Caseldine, C. (2004) Speleothem Palynology: an undervalued tool in
Quaternary studies. Quaternary Science Reviews 23, 2389-2404.
Navarro, C., Carrión, J.S., Munuera, M., Prieto, A.R. (2001) Cave surface pollen and the
palynological potential of karstic cave sediments in palaeoecology. Review of
Paleobotany and Palynology 117, 245-265.
Navarro, C., Carrión, J.S., Navaro, J., Munuera, M., Prieto, A.R. (2000) An experimental
approach to the palynology of cave deposits. Journal of Quaternary Science 15, 603619.
NGRIP Community Members (2004) High-resolution record of Northern Hemisphere
climate extending into the last interglacial period. Nature 431, 147-151.
O’Brien, S.R., Mayewski, P.A., Meeker, L.D., Meese, D.A., Twickler, M.S., Whitlow,
S.I. (1995) Complexity of Holocene climate as reconstructed from a Greenland
ice core. Science 270, 1962– 1964.
Ohata, T., Furukawa, T. Higuchi, K. (1994) Glacioclimatological study of perennial ice
in the Fuji Ice cave, Japan. Part 1. Seasonal variation and mechanism of
maintenance. Arctic and Alpine Research 26 (3), 227–237.
Oltean, M., Negrean, G., Popescu, A., Roman, N., Dihoru, G., Sanda, V., Mihilescu, S.
(1994) Lista roie a plantelor superioare din România. Studii, sinteze,
documentaii de ecologie. Academia Româna, Institutul de Biologie.
Onac, B.P. (2001) Mineralogical and uranium series dating studies in Scrioara Glacier
Cave (Bihor Mts, Romania). Theoretical and Applied Karstology 9, 9-21.
Onac, B.P., Lauritzen, S.-E. (1996) The climate of the last 150,000 years recorded in
speleothemes: preliminary results from north-western Romania. Theoretical and
Applied Karstology 9, 9–21.

109

Onac, B.P., Constantin, S., Lundberg, J., Lauritzen, S.-E. (2002) Isotopic climate record
in a Holocene stalagmite from Urilor Cave (Romania). Journal of Quaternary
Science 17, 319-327.
Onac, B.P., Peroiu, A., Racovi, G., Tma, T., Viehmann, I. (2007) Scrioara Ice
Cave and its surroundings. Studia, Cluj Napoca, 88 p.
Onac, B.P., Racovi, G., Brad, T. (2010) Atlasul peterilor din Munii Apuseni. Munii
Bihor. 1. Bazinul Arieului Mare. The University of South Florida Karst Studies
Series, 2, pp. 90.
O'Neil, J.R. (1968) Hydrogen and oxygen isotope fractionation between ice and water.
Journal of Physical Chemistry 72, 3683-3684.
Oreanu, I., Varga, I. (2003) Meteorological data in the Ghear area (com. Gârda de Sus,
jud. Alba) (1st part). Nymphaea XXX, 3-24.
Osczevski, R.J. (1995) The basis of wind chill. Arctic 48, 372-382.
Pazdur, A., Fogtman, M., Michczynski, A., Pawlyta, J. (2003) Precision of 14C dating in
Gliwice Radiocarbon Laboratory. FIRI Programme, Geochronometria 22, 27-40.
Pèlachs, A., Julià, R. N., Pérez-Obiol, R., Soriano, J.M., Bal, M.-C., Cunill, R., Catalan,
J. (2011) Potential influence of Bond events on mid-Holocene climate and
vegetation in southern Pyrenees as assessed from Burg lake LOI and pollen
records. The Holocene 21, 95-104.
Perrier, F., Le Mouel, J.L., Kossobokov, V., Crouzeix, C., Morat, P. Richon, P. (2005)
Properties of turbulent air avalanches in a vertical pit. European Physical Journal
B 46 (4), 563-579.
Peroiu, A. (2004) Ice speleothemes in Scrioara Cave: dynamics and controllers.
Theoretical and Applied Karstology, 17, 71-76.
Peroiu, A., Bojar, A.-V., Onac, B.P. (2007) Stable isotopes in cave ice: what do they tell
us? Studia UBB Geologia, 52 (1), 59-62.
Peroiu, A., Onac, B.P., Feurdean A. (2010) Multi-proxy climatic and environmental
record for the last 1000 years in the western Carpathians, Romania. In (Spötl, C.,
Luetscher, M. Ritter, P., eds.) Abstract volume, 4th International Workshop on Ice
Caves. Obertraun, pp. 29.
Peroiu, A., Onac, B.P., Wynn, J.G., Bojar, A.-V., Holmgren, K. (2011) Stable isotope
behavior during cave ice formation by water freezing in Scrioara Ice Cave,
Romania. Journal of Geophysical Research – Atmospheres 116, D02111, doi:
10.1029/2010JD014477.
110

Peroiu, A., Onac, B.P., Blaauw, M. et al. in preparation, A 10,500 year record of
summer temperatures in Central Europe from cave glaciers.
Peroiu, A., Onac, B.P., Peroiu, I., in review, The interplay between air temperature and
ice dynamics in Scrioara Ice Cave, Romania. Acta Carsologica.
Peroiu, A., Pazdur, A. (2011) Ice genesis and its long-term dynamics in Scrioara Ice
Cave, Romania, The Cryosphere 5, 45-53.
Peroiu, A. (2005) Evidence of basal melting of the ice block from Scrioara Ice Cave.
In (Mavlyudov, B.R., ed.) Glacier Caves and Glacial Karst in High Mountains
and Polar Regions. Moscow, pp. 109-112.
Petrenko, V.F., Whitworth, R.W. (2002) Physics of ice. Oxford University Press, Oxford.
Pflitsch, A., Piasecki, J., Sawiski, T., Strug, K. Zelinka, J. (2007) Development and
degradation of ice crystals sediment in the Dob inska Ice Cave (Slovakia). In
(Zelinka, J., ed.) Proceedings of the 2nd International Workshop on Ice Caves.
Slovak Caves Administration, Liptovsk Mikulá , pp. 38-49.
Pop, E., Ciobanu, I. (1950) Analize de polen in ghiaa dela Scrioara. Analele
Academiei Republicii Populare Române, seria Geologie, Geografie, Biologie,
tiinte Tehnice i Agricole, III, 23-50.
Popa, I., Kern, Z (2009) Long-term summer temperature reconstruction inferred from
tree-ring records from the Eastern Carpathians. Climate Dynamics 32, 1107–
1117.
Posey, J.C., Smith, H.A. (1957) The equilibrium distribution of light and heavy waters in
a freezing mixture. Journal of the American Chemical Society 79, 555-557.
Preunkert, S., Wagenbach, D., Legrand, M., Vincent, C. (2000) Col du Dome (Mt. Blanc
Massif, French Alps) suitability for ice-core studies in relation with past
atmospheric chemistry over Europe. Tellus 52B, 993–1012.
Prodan, D. (1967) Iobgia în Transilvania în secolul al XVI-lea, vol I., Editura Academiei
RSR.
Prodan, D. (1986) Iobgia în Transilvania în secolul al XVII-lea, vol I., Editura
Academiei RSR.
Prosser S.J., Scrimgeour, C.M. (1995) High-precision determination of 2H/1H in H2 and
H2O by continuous-flow isotope ratio mass spectrometry. Anal. Chem. 67, 19921997.

111

Racovi , E. (1927) Observations sur la glaciere naturelle dite “Ghe arul de la
Sc rioara”. Bulletin de la société des sciences de Cluj III, 75-108.
Racovi , G., Cr ciun, V. (1970) Considérations sur la variation saisonnèire des
formations de glace de la grotte “Ghe arul de la Sc rioara”. Livre du centenaire
“Emile G. Racovi ” 1868-1968, 587-616.
Racovi , G. (1994a) Bilan climatique de la grotte glacière de Sc rioara (Monts du
Bihor, Roumanie), dressé sur dix années d’observations. Travaux de l’Institute de
Spéologie “Emil Racovitza” XXXIII, 107-158.
Racovi , G. (1994b) Elements fondamentaux dans la dynamique des spéléothèmes de
glace de la grotte de Sc rioara, en relation avec la météorologie externe.
Theoretical and Applied Karstology 7, 133-148.
Racovi , G., Onac, B.P. (2000) Sc rioara glacier cave, monographic study. Editura
Carpatica, Cluj-Napoca.
Racovi , G., Boghean, V., Silvestru, E., Petrescu, M. (1991) Etude thermométrique des
substratums de la Grotte de Sc rioara. Travaux de l’Institute de Spéologie “Emil
Racovitza”, XXX, 159-184.
Racovi , G., erban, M., Viehmann, I. (1987) Tendances de long terme dans la
dinamique des formations de glace de la grotte de Sc rioara. Theoretical and
Applied Karstology 3, 143-164.
Racovi , G. (1984) Sur la structure méroclimatique des cavités souterraines. Theoretical
and Applied Karstology 1, 123-130.
Rasmussen, S.O., Andersen, K.K., Svensson, A.M., Steffensen, J.P., Vinther, B.M.,
Clausen, H.B., Siggaard-Andersen, M.L., Johnsen, S.J., Larsen, L.B., DahlJensen, D., Bigler, M., Rothlisberger, R., Fischer, H., Goto-Azuma, K., Hansson,
M.E., Ruth, U. (2006) A new Greenland ice core chronology for the last glacial
termination. Journal of Geophysical Research-Atmospheres 111.
Reese, C.A., Liu, K.B. (2005) Interannual variability in pollen dispersal and deposition
on the tropical Quelccaya Ice Cap. Professional Geographer 57, 185-197.
Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Bronk
Ramsey, C., Buck, C.E., Burr, G.S., Edwards, R.L., Friedrich, M., Grootes, P.M.,
Guilderson, T.P., Hajdas, I., Heaton, T.J., Hogg, A.G., Hughen, K.A., Kaiser,
K.F., Kromer, B., McCormac, F.G., Manning, S.W., Reimer, R.W., Richards,
D.A., Southon, J.R., Talamo, S., Turney, C.S.M., van der Plicht, J.,
Weyhenmeyer, C.E. (2009) IntCal09 and Marine09 radiocarbon age calibration
curves, 0–50,000 years cal BP. Radiocarbon 51, 1111-1150.

112

Rohling, E.J., Mayewski, P.A., Abu-Zied, R.H., Casford, J.S.L., Hayes, A. (2002)
Holocene atmosphere-ocean interactions: records from Greenland and the Aegean
Sea. Climate Dynamics 18, 587-593.
Rosman, K.J.R., Ly, C., van de Velde, K., Boutron, C.F. (2000) A two century record of
lead isotopes in high altitude Alpine snow and ice. Earth and Planetary Science
Letters 176, 413-424.
Rotariu, T. (1995) Evolu ia popula iei Mun ilor Apuseni. In (Bolovan, S., Bolovan, I.,
eds.) Sabin Manuil . Istorie i demografie. Studii privind societatea româneasca
între secolele XVI-XX. Cluj-Napoca, pp. 96-112.
Rozanski, K., Araguás-Araguás, L., Gonfiantini, R. (1992) Relation between long-term
trends of oxygen-18 isotope composition of precipitation and climate. Science
258, 981-985.
Rusu, T., Racovi , G., Coman, D. (1970) Contribution a l'étude du complexe karstique
de Sc rioara. Annales de Speleologie 25, 383-408.
Schaefer, J.M., Denton, G.H., Kaplan, M., Putnam, A., Finkel, R.C., Barrell, D.J.A.,
Andersen, B.G., Schwartz, R., Mackintosh, A., Chinn, T., Schluchter, C. (2009)
High-Frequency Holocene Glacier Fluctuations in New Zealand Differ from the
Northern Signature. Science 324, 622-625.
Schmidl, A. (1963) Das Bihar-Gebirge an der Grenze von Ungarn und Siebenbürgen.
Verlag Förster und Bartelemeus, Wien, 442 p.
Schotterer, U., Frohlich, K., Gaggeler, H.W., Sandjordj, S., Stichler, W. (1997) Isotope
records from Mongolian and alpine ice cores as climate indicators. Climatic
Change 36, 519-530.
Sears, P.B., Roosma, A. (1961) A climatic sequence from two Nevada caves. American
Journal of Science 259, 669-678.
Seppä H., Poska, A. (2004) Holocene annual mean temperature changes in Estonia and
their relationship to solar insolation and atmospheric circulation patterns.
Quaternary Research 61, 22–31.
Seppä, H., Birks, H.J.B., Giesecke, T., Hammarlund, D., Alenius, T., Antonsson, K.,
Bjune, A.E., Heikkila, M., MacDonald, G.M., Ojala, A.E.K., Telford, R.J., Veski,
S. (2007) Spatial structure of the 8200 cal yr BP event in northern Europe.
Climate of the Past 3, 225-236.
erban, M. (1970) Morphologie comparée des stalagmites de glace de la grotte de
Sc rioara (Roumanie). Travaux de l’Institute de Spéologie “Emil Racovitza” IX,
35-60.
113

erban, M., Blaga, L., Blaga, Lucia, Chifu, A., Ciobotaru, T. (1967) Contribu ii la
stratigrafia depozitelor de ghea din Ghe arul de la Sc ri oara. Lucr rile
Institutului de Speologie “Emil Racovi ” VI, 107-140.
erban, M., Coman, D., Givulesco, R. (1948) Decouvertes récentes et observations sur la
glacière naturelle dite „Ghe arul de la Sc ri oara“. Bulletin de la société des
sciences de Cluj X, 174-210.
Souchez, R.A., Jouzel, J. (1984) On the isotopic composition in D and 18O of water
and ice during freezing. Journal of Glaciology 30, 369-372.
Souchez, R., Jouzel, J., Lorrain, R., Sleewaegen, S., Stiévenard, M., Verbeke, V. (2000a)
A kinetic isotope effect during ice formation by water freezing Geophysical
Research Letters 27, 1923-1926.
Souchez, R., Tison, J.L., Jouzel, J. (1987) Freezing rate determination by the isotopic
composition of the ice. Geophysical Research Letters 14, 599-602.
Souchez, R., Petit, J.R., Tison, J.L., Jouzel, J., Verbeke, V. (2000b) Ice formation in
subglacial Lake Vostok, Central Antarctica. Earth and Planetary Science Letters
181, 529-538.
Souchez, R., Jean-Baptiste, P., Petit, J.R., Lipenkov, V.Y., Jouzel, J. (2002) What is the
deepest part of the Vostok ice core telling us? Earth-Science Reviews 60, 131146.
Strug, K., Per oiu, A. Zelinka, J. (2008) Preliminary results of ice temperature
measurements in the Dobinská Ice Cave (Slovakia) and Sc ri oara Ice Cave
(Romania). In (Kadebskaya, O., Mavlyudov, B.R., Pyatunin, M., eds.)
Proceedings of the 3rd International Workshop on Ice Caves. Mining Institute of
Ural Branch of the Russian Academy of Sciences, Perm, pp. 16-22.
T ma , T., Onac, B.P., Bojar, A.-V. (2005) Lateglacial-Middle Holocene stable isotope
records in two coeval stalagmites from the Bihor Mountains, NW Romania.
Geological Quarterly 49, 185-194.
Tan u I. (2006) Histoire de la végétation tardiglaciaire et holocène dans les Carpates
Orientales (Roumanie). Presa Universitar Clujean , Cluj-Napoca.
Tan u I., Reille M., de Beaulieu J.L., F rca S., Brewer S. (2009) Holocene vegetation
history in Romanian Subcarpathians. Quaternary Research 72, 164-173.
Thompson, L.G., Davis, M.E. (2005) Stable isotopes through the Holocene as recorded in
low-latitude, high-altitude ice cores. In (Aggarwal, P.K., Gat, J.R., Froehlich,
K.F., eds.) Isotopes in the Water Cycle: Past, Present and Future of a Developing
Science. Springer Netherlands, pp. 321-339.
114

Thompson, L.G., Mosley-Thompson, E., Davis, M.E., Bolzan, J.F., Dai, J., Klein, L.,
Yao, T., Wu, X., Xie, Z., Gundestrup, N. (1989) Holocene-Late Pleistocene
climatic ice core records from Qinghai-Tibetan Plateau. Science 246, 474-477.
Thompson, L.G., Hastenrath, S., Arnao, B.M. (1979) Climatic Ice Core Records from the
Tropical Quelccaya Ice Cap. Science 203, 1240-1243.
Thompson, L.G., Mosley-Thompson, E., Davis, M.E., Henderson, K.A., Brecher, H.H.,
Zagorodnov, V.S., Mashiotta, T.A., Lin, P.N., Mikhalenko, V.N., Hardy, D.R.,
Beer, J. (2002) Kilimanjaro ice core records: Evidence of Holocene climate
change in tropical Africa. Science 298, 589-593.
Tinner, W., Hubschmid, P., Wehrli, M., Ammann, B., Conedera, M. (1999) Long-term
forest fire ecology and dynamics in southern Switzerland. Journal of Ecology 87,
273-289.
Tinner, W., Lotter, A.F. (2006) Holocene expansions of Fagus silvatica and Abies alba in
Central Europe: where are we after eight decades of debate? Quaternary Science
Reviews 25, 626 – 649.
Tinner, W., Lotter, A.F., Ammann, B., Conedera, M., Hubschmid, P., van Leeuwen,
J.F.N., Wehrli, M. (2003) Climatic change and contemporaneous land-use phases
north and south of the Alps 2300 BC to 800 AD. Quaternary Science Reviews 22,
1447-1160.
van Geel, B., Buurman, J., Brinkkemper, O., Schelvis, J., Aptroot, A., van Reenen, G.,
Hakbijl, T. (2003) Environmental reconstruction of a Roman Period settlement
site in Uitgeest (The Nederlands) with special reference to coprophilous fungi.
Journal of Archaeological Sciences 30, 873-883.
Viehmann, I. (1960) Un nouveau processus de genese des perles de caverne.
eskoslovensk Kras 12 (1959), 177-185.
Viehmann, I., Racovi, G., erban, M. (1965) Observaii asupra microclimei Ghearului
de la Scri oara. Lucrrile Institutului de Speologie “Emil Racovi” IV, 104-115.
Vinther, B.M., Clausen, H.B., Johnsen, S.J., Rasmussen, S.O., Andersen, K.K., Buchardt,
S.L., Dahl-Jensen, D., Seierstad, I.K., Siggaard-Andersen, M.L., Steffensen, J.P.,
Svensson, A., Olsen, J., and Heinemeier, J. (2006) A synchronized dating of three
Greenland ice cores throughout the Holocene. Journal of Geophysical Research
111, D13102.
von Grafenstein, U., Erlenkeuser, H., Müller, J., Jouzel, J., Johnsen, S. (1998) The cold
event 8200 years ago documented in oxygen isotope records of precipitation in
Europe and Greenland. Climate Dynamics 14, 73-81.

115

Walker, M. (2005) Quaternary dating methods. John Wiley & Sons, 304 p.
White, W.B. (2007) Cave sediments and paleoclimate. Journal of Cave and Karst Studies
69, 76-93.
Whitlock, C., Larsen, C.P.S. (2001) Charcoal as a fire proxy. In (Smol, J.S., Birks,
H.J.B., Last, W.M., eds.) Tracking environmental change using lake sediments.
Kluwer Academic Publishers, pp. 75-97.
Wigley, T.M.L., Brown, M.C. (1976) The Physics of Caves. In (Ford. T.D., Cullingford,
C.H.D., eds.) The Science of Speleology. Elsevier, pp. 329-358.
Yamane, M., Oida, Y., Ohnishi, N., Matsumoto, T., Kitagawa, K. (2010) Effects of wind
and rain on thermal responses of humans in a mildly cold environment. European
Journal of Applied Physiology 109, 117-123.
Yang, B., Bräuning, A., Liu, L., Davis, M.E., Yajun, S. (2009) Temperature changes on
the Tibetan Plateau during the past 600 years inferred from ice cores and tree
rings. Global and Planetary Change 69, 71-78.
Yao, T., Shi, Y., Thompson, L.G. (1997) High resolution record of paleoclimate since the
Little Ice Age from the Tibetan ice cores. Quaternary International 37, 19-23.
Yonge, C.J., MacDonald, W.D. (1999) The potential of perennial cave ice in isotope
palaeoclimatology. Boreas 28, 357-362.
Yonge, C.J. (2004) Ice in caves. In (White, W.B., Culver, D.C., eds.) Encyclopedia of
Caves. Academic Press, pp. 435-437.
ák, K., Onac, B.P., Per oiu, A. (2008) Cryogenic carbonates in cave environments: A
review. Quaternary International 187, 84-96.
ák, K., Urban, J., Cílek, V., Hercman, H. (2004) Cryogenic cave calcite from several
Central European caves: age, carbon and oxygen isotopes and a genetic model.
Chemical Geology 206, 119-136, 2004.
Zelinka, J. (ed.) (2007) Proceedings of the 2nd International Workshop on Ice Caves.
Slovak Caves Administration, Liptovsk Mikulá, 105 p.

116

